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Abstract 
Since the invention of the automotive vehicle, cars, vans, buses and trucks have become an 
essential part of everyday life. Unfortunately, they are growing in number, which has resulted 
in an overall increase in energy consumption and pollutant emissions expelled into the 
environment. To diminish this effect, vehicles with novel power trains, such as Hybrid 
Electric Vehicles, have been developed. Although they have shown significant reductions in 
fuel consumption and emissions, they require electrochemical batteries as the energy storage 
means, which have technical, environmental, and commercial drawbacks. Therefore, to avoid 
the use of batteries, a hybrid power train designed around a flywheel as the energy storage 
device was researched. 
A mechanical energy storage system incorporated in a conventional vehicle was devised in a 
computational platform. Further, a scale test-bed of an initial proposal comprising a high- 
speed flywheel, an epicyclic gearbox, a brake, and a motor was built and operated in a 
laboratory. The results showed that the proposed system could be used to store and provide 
braking energy, thus validating the operating principle of the system and its computational 
model. Extensive computational analyses of full size vehicles using this system were 
conducted, which led to the design of a better system. Finally, a mechanical energy storage 
system comprising a flywheel, an epicyclic gearbox, a brake, a clutch, and a continuously 
variable transmission was integrated in a conventional power train to produce the complete 
conceptual design of the mechanical hybrid power train. 
The results obtained showed that the utilisation of mechanical components to store energy in 
a flywheel could make possible significant reductions in fuel consumption and emissions. 
Although a detailed cost analysis has not been carried out, anecdotal evidence suggests the 
proposed hybrid propulsion system is more economically viable than systems based on 
electrochemical batteries and associated electric power systems. 
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P Pressure in the reservoir 
PC Power at carrier of transmission, located at S 
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P Power provided or consumed at the flywheel shaft 
. 
(,, jha 
Pj"'Ms Power related to losses in the transmission (segment MS) 
P1 .. SD Power related to losses in the segment 
SD 
PGB_I,,,, Power related to losses in the gearbox 
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PS Power at sun of transmission 
Rg Ideal gas constant 
R Number of teeth ring 
R1 Number of teeth of ring for first train 
R2 Number of teeth of ring for second train 
R, Outer radius of flywheel 
R, Rotational Reynolds number 
S Number of teeth sun 
S, Number of teeth of sun for first train 
S2 Number of teeth of sun for second train 
T Temperature of the nitrogen 
TC Torque in the carrier 
TC] Torque in the carrier for first train 
TC2 Torque in the carrier for second train 
Tfd Torque at the final drive 
Tfi, Torque at flywheel shaft (external load applied on flywheel) 
Tfi,,, SS Torque 
in the flywheel due to windage and friction losses 
TC-J'S, Torque in the carrier due to friction losses 
TR- I.. Torque in the ring due to friction losses 
Tfd Torque and final drive 
TGB Torque at gearbox 
TR Torque in the ring 
TRI Torque in the ring for first train 
TR2 Torque in the ring for second train 
TRt, t, l Total torque 
in the ring 
TSensor Torque at the sensor location 
TFT Losses from the segment FT of test rig 
TS Torque in the sun 
TS I Torque in the sun for first train 
TS2 Torque in the sun for second train 
TSD Tosses from the segment SD of test rig 
T, urf Temperature of the surface 
U Specific internal energy of the nitrogen 
V Magnitude of the speed of the vehicle in the direction of travel 
V Specific volume in the reservoir 
VRC1u1, h Velocity ratio of clutch 
VRcvT Velocity ratio of CVT 
W Work of piston 
Ctic Rotational speed of carrier 
CUCI Rotational speed of carrier for first train 
O? C2 Rotational speed of carrier for second train 
(OClutch-in Rotational speed at input of clutch 
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-I 
WCI,, Ich ý,, t Rotational speed at output of clutch 
COCVT in Rotational speed at input of CVT 
COCVT out Rotational speed at output of CVT 
Ob Rotational speed measured at dynamomenter 
COfd Rotational speed at final drive 
OY. Rotational speed at flywheel 
Ct 7 Final speed of the flywheel for current time step Y(2, 
O)f(J) Initial speed of the flywheel for current time step 
COGB Rotational speed of gearbox 
COP. -P Rotational speed of the pump 
OR Rotational speed of ring 
(OR I Rotational speed of ring for first train 
WR2 Rotational speed of ring for second train 
Cos Rotational speed of sun 
CVS1 Rotational speed of sun for first train 
O)S2 Rotational speed of sun for second train 
If,, Flywheel inertia 
17GB Efficiency of the transmission 
UVOI-PUMP Volumetric efficiency of the pump 
WvT Mechanical efficiency of CVT 
17)ý-CVT Mechanical efficiency of interconnection between ring and CVT 
)7csu Mechanical efficiency of interconnection between carrier and CVT 
77clutch Mechanical efficiency of clutch 
A WD Differential of rotational speed at dynamomenter for a discrete time 
At Differential of time for a discrete time (also termed time step) 
r Thermal constant 
PB Operating viscosity of flywheel bearings lubricant 
lif Operating viscosity environment in flywheel container 
0 Angle of inclination of the road surface upon which the vehicle is travelling 
P Density of the ambient air 
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I INTRODUCTION 
Since the invention of the automotive vehicle, cars, vans, buses and trucks have gradually 
become an essential part of everyday life. They are widely used for private and public 
endeavours such as transporting people and goods in cities and between them. The number of 
automotive vehicles, particularly cars, is continuously increasing and there are no indications 
that this trend will change in the near future. Such rise is due to a number of factors with 
economic prosperity and reducing cost of ownership as the main drivers. Unfortunately, this 
leads to increasing traffic, which significantly contributes to air pollution and energy 
consumption. To reduce this effect, substantial effort has been made to optimise conventional 
vehicle propulsion systems to reduce both emissions and fuel consumption. The term 
conventional is used here to denote a propulsion system comprising of an internal combustion 
engine and a mechanical transmission. This approach has been followed for many years but, 
currently, there is limited space for further improvements in performance. 
Only with the recent introduction of non-conventional vehicle propulsion systems have 
significant improvements been obtained. The external appearance of vehicles with such 
systems is similar to that of conventional vehicles but power train designs include both a 
conventional engine and an electric motor to provide power to the vehicle. In these vehicles, 
energy is thus provided by standard fuel, contained in the tank, and electrochemical batteries. 
For this reason, they are denoted as Hybrid Electric Vehicles (HEV). HEV have already been 
developed commercially, as is the case of the Toyota Prius and the Honda Insight. The 
effective utilisation of both energy sources in the power train has resulted in significant 
reductions in fuel consumption and emissions during operation. Despite this significant 
advance, the use of batteries for storing energy has shown some cost and operational 
drawbacks, thus creating a demand for the development of alternative cost-effective and 
efficient energy storage solutions. One such alternative device is the flywheel which has been 
considered for automotive use for many years in research but has not been used for 
commercial systems. When compared to batteries, flywheels offer clear advantages such as 
independency of power and energy storage capability, the independency of discharge depth 
with state of charge level and a component life which is significantly unaffected by the drive 
cycle. 
Most flywheel systems researched in recent years have been based on the use of high-speed 
electrical machines directly connected to the shaft to convert flywheel kinetic energy into 
electrical power and vice versa. This overcomes certain problems in the flywheel design and 
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is suitable for systems such as uninterruptible power supplies where the original power source 
is electrical. However, since a vehicle requires primary mechanical energy for propulsion, 
electrical power must be converted to mechanical power again by means of traction motors 
connected to the wheels. The cost, size, weight of the electrical equipment and efficiency 
penalty incurred in the energy transformations are hence less than favourable for vehicular 
use. To overcome these limitations, a novel hybrid vehicle power train based on the use of a 
flywheel has been developed as a working principle as described in this thesis. The flywheel 
is used as a temporary energy storage device with an internal combustion engine retained as 
the primary power source. The power transmission employs a double epicyclic gearbox 
directly coupled to the flywheel, a modestly sized continuously variable transmission system 
and a clutch. This is in addition to the conventional power train which is retained. This 
gearbox and the flywheel form a mechanical energy storage system, which incorporated into a 
conventional power train gives rise to a mechanical hybrid vehicle. By utilising a flywheel to 
temporarily store energy during braking, this can subsequently be reused to accelerate the 
vehicle, hence allowing shut down of the engine even for certain times when the vehicle is 
driven. This gives a reduction in fuel consumption and emissions during operation which is 
added to the benefit of vehicle kinetic energy recovery. The operation of the proposed model 
has been tested through simulations of the mechanical hybrid vehicle following various drive 
cycles in two typical vehicle configurations. The simulations were conducted by using the 
Advanced Vehicle Simulator (ADVISOR) software, whose foundations are also explained in 
this thesis. 
A detailed account of the proposed mechanical energy storage system is presented in this 
thesis including the theoretical background and algorithms used, and the experiments 
conducted to validate the proposed power system. Chapter 2 provides an introduction to the 
architecture and fundamental concepts of conventional vehicles, and a comprehensive 
overview of non-conventional vehicles. Given that this thesis deals with the development of a 
hybrid system designed around a flywheel, particular attention has been paid to their energy 
storage systems. Also provided is a brief discussion of various software programs currently 
used for the analysis and simulation of conventional and non-conventional vehicles and the 
importance of driving conditions. 
The basic structure of the software ADVISOR is introduced in Chapter 3, where the primary 
use of this simulation tool is discussed. It also includes examples of the utilisation of 
ADVISOR as a computational tool by simulating the operation of a conventional vehicle, an 
electric vehicle, and a hybrid pneumatic vehicle. The potential value of the software is 
assessed by examining the results of the simulations and comparing them with experimental 
measurements obtained during the operation of these vehicles. 
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In Chapter 4, the analysis and foundations of a preliminary proposal for the mechanical 
energy storage system, comprised of an epicyclic gearbox, a brake, a motor and a flywheel, 
are presented and discussed. The theoretical background of the hybrid system and its 
computational model are explained in detail, including an example of its performance. The 
validation of the concept and its computational model are presented in Chapter 5. To evaluate 
the computational model, a scale physical model of the mechanical hybrid system was built, 
and the experimental results are presented and discussed in this chapter. It is worth noting 
that, for this physical experimental model, the vehicle and high performance flywheel were 
replaced with an air-drag dynamometer and a steel-made flywheel, respectively. The 
mechanical behaviour of the system was, however, consistently simulated, thus validating the 
concept of the mechanical hybrid power train and its computational model. 
Having validated both the principle of the mechanical energy regeneration and the 
SIMULINK model, a complete analysis of the mechanical hybrid transmission was performed 
for full size vehicles, which is presented in Chapter 6. The control strategy during hybrid 
operation is explained in this chapter. The final configuration of the mechanical storage 
system that comprises an epicyclic gearbox, a brake, a CVT and a flywheel is also presented. 
The potential savings of the proposed mechanical hybrid system were assessed by using 
ADVISOR. The energy savings and the performance achieved from full size mechanical 
hybrid vehicles were compared with the results obtained from similar vehicles with a 
conventional power train. Chapter 7 concludes the thesis with a discussion about the strength 
and potential pitfalls of the proposed framework. It also outlines potential future research 
directions. 
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2A BACKGROUND TOAUTOMOTIVE VEHICLES 
The automotive vehicle has been under constant development for over a century, reaching the 
current refined levels of design. Despite every component of modem vehicles being optimised 
to provide enhanced levels of performance, there is limited scope for further reductions in fuel 
consumption and emissions during operation. Therefore, to give rise to significant 
improvements, new vehicle designs with novel power trains are needed and have been 
developed (denoted here by the term non-conventional vehicles). The major difference 
between a conventional and a non-conventional vehicle is the power train, with the vehicle 
itself being broadly the same. Indeed, it is the expectations of performance and comfort of the 
conventional vehicle that defines customers' expectation of how a non-conventional vehicle 
shall perform. For example, similar acceleration and speed performance is required for lower 
emissions without a large price penalty. However, each type of vehicle has particular 
characteristics. 
Therefore, to provide a background into automobiles, this chapter presents the main 
foundations of current automotive power trains. It starts with a brief history of the vehicle 
power train and a discussion of the architecture and principle of operation of conventional 
vehicles. It is followed by a discussion of the history and characteristics of non-conventional 
vehicles. In this chapter, those termed as Hybrid Electric Vehicles (HEVs), a non- 
conventional vehicle family type recently developed, are analysed with particular detail. 
Given that this thesis deals with the development of an energy storage system, particular 
attention was given to the energy storage systems actually used in non-conventional vehicles. 
Finally, a brief discussion into the importance of driving conditions, for both conventional 
and non-conventional vehicles, is given. 
ZI Briefhistoricalbackgroundonthevehiclepowertrain 
In 1769, the very first self-propelled road vehicle was a military tractor invented by French 
engineer and mechanic, Nicolas Joseph Cugnot. He used a steam engine to power his vehicle 
that was used by the French Army at a speed of 2.5 mph. Later, due to financial problems, 
Cugnot had to abandon his experiments. It was in 1789 that an U. S. patent for a steam- 
powered land vehicle was granted to Oliver Evans, and in 1801 Richard Trevithick built a 
road carriage powered by steam, the first in Great Britain. Steam powered cars used solid fuel 
to raise steam in a boiler, this being expanded in cylinders used to drive the wheels by means 
of a crank mechanism. During the early history of self-propelled vehicles both road and rail 
vehicles were being developed with steam engines; during the 19th century the main power 
source for vehicles was steam [1]. 
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Steam engines were not the only motive power source used in early automobiles, vehicles 
driven by electrical motors were also developed. The construction of vehicles propelled by 
electric means began in 1834, when Thomas Davenport invented the first Electric Vehicle 
(EV). The popularity of electric vehicles was confirmed when in 1892 the first production EV 
was exhibited in Chicago. By 1895, Holtzer-Cabot Electric Company fabricated the first 
electric vehicle for seven passengers. 
Regarding the Internal Combustion (IC) engine, the first car manufacturers in the world were 
French: Panhard & Levassor and Peugeot. Rene Panhard and Emile Levassor were partners in 
a woodworking machinery business when they decided to become car manufacturers. They 
built their first car in 1890 using a Daimler engine and also shared the licensing rights to 
Daimler motors with Armand Peugeot. A Peugeot car went on to win the first car race held in 
France, which gained Peugeot publicity and boosted car sales. Early on, French manufacturers 
did not standardise car models - each car was different from the other. The first standardised 
car was the 1894, Benz Velo. One hundred and thirty four identical Velos were manufactured 
in 1895 [2]. 
By the 19 1 Os electric vehicles were widely sold. For example, in the United States of America 
(USA) production was as high as 6000 electric vehicles per day and these vehicles were 
characterised as being easy to start, clean and quiet [3]. A few hybrid electric vehicles were 
built in this period but this number declined between 1910 and 1920 due to the continued 
advancement of vehicle technology and petrol engines. Later technical improvements on 
internal combustion engines, its low cost and the availability of hydrocarbon-based fuels 
resulted in the declining of electric vehicles and the flourishing of automotive vehicles 
powered by internal combustion engines. Gasoline cars started to outsell all other types of 
motor vehicles [2]. 
Tlie 1970s oil crisis brought a resurgence of interest in electric vehicles but the later price 
stabilisation caused another downturn in this interest. Later, when it was established that IC 
engines emit a vast array of hazardous pollutants, the limits for IC engine emissions were 
progressively restricted and the interest in electric and IIEVs resurged. Figure 2.1 shows a 
diagram of power train vehicle development across time in which it can be seen that vehicles 
with internal combustion engines were the only type continuously developed during the 201h 
Century; however, interest on EVs and HEVs has resurged in recent years. 
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Figure 2.1. Power train vehicle development across time (Illustration based in [1-3]). 
During the operation of the IC engine, fuel is burned to convert calorific energy into 
mechanical power. Unfortunately, as a result pollutants are emitted. Nitrogen Oxides (NOx) 
react in the atmosphere to form Nitric Acid that falls as acid rain. Unburned hydrocarbons 
(HQ are also generated and these react in the atmosphere to form free radicals that attack the 
ozone layer. Particulate emissions are emitted, especially from diesel engines, and these are of 
particular concern in cities where high concentrations can cause respiratory problems for 
humans. Greenhouse gases are also emitted by the IC engine, the most substantial gas being 
carbon dioxide (C02). Although C02 is not directly toxic it contributes to global climate 
changes. With the assistance of complex engine control using computer-based engine 
management systems and exhaust after treatment, emissions from engines have been 
dramatically reduced as compared to the levels of 10 to 15 years ago. However, given the 
consistent increase in number of vehicles worldwide, these improvements are insufficient to 
reduce overall vehicle pollution to acceptable levels and pressure is on engine designers to 
further reduce emissions in vehicles [4]. Presently, transportation accounts for around 22% of 
the C02 emissions in Britain and it is estimated that, globally, transportation contributes to 
50% of carbon monoxide and HC emissions and to 30% of the emissions of NOx. 
Furthermore, transportation is estimated to account for around 15% of the greenhouse effect 
and is the single most polluting human activity [5]. 
New emissions standards were set in Europe and USA, such as directives 1999/102/EC, 
1999/96/EC and California's Ultra-Low Emissions Vehicle (ULEV) requirement, with more 
restricted limits for exhaust emissions from vehicles. More punitive legislation is yet to 
follow. These legislative requirements have created an incentive, which has boosted interest 
in developing alternative power trains for vehicles. EVs are not a practical alternative given 
their low range and the extended time and lack of facilities for recharging. The search for a 
vehicle power train able to offer some of the environmental benefits of electric vehicles with a 
range and performance similar to a conventional vehicle has led to the development of the 
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HEV. HEVs are increasingly shown as a potential solution for the automotive industry to 
reduce vehicle emissions and additionally improve the overall efficiency of the vehicle. 
Vehicle manufacturers have developed HEVs: in 1998 Toyota launched the Prius, shown in 
Figure 2.2, which became the first commercially available HEV in the world. The Prius has 
shown a notable fuel economy, low emissions as well as a performance comparable to 
conventional vehicles of the same class [6]. 
Figure 2.2. Photograph of the Toyota Prius (Illusirulionftom Toyota [6]). 
Later in 2000, the Insight, launched by Honda, was commercially available. It also showed 
significant fuel efficiency levels and low emissions [7]. Also in 2000, Nissan released the 
Tino with a production of 100 vehicles to be sold through the Internet. It is a mini compact 
vehicle mainly designed and sold for the market in Tokyo [8]. 
Subsequently, Honda launched a hybrid version of the Civic in 2002 that uses a smaller 
engine than its conventional counterpart, reaching lower levels of fuel consumption and 
pollution [9]. Unlike the Insight, the Civic was a vehicle already known in the market, whose 
main features where retained on its hybrid version. Although in the outside both vehicles look 
very similar, a major distinction is found: the power train. 
(a) (h) 
Figure 2.3. Photographs of the (a) Honda Insight and (b) Honda Civic (Illustrationsfirom IIonda [8,91). 
In the USA, top North American universities developed improvements to conventional 
vehicles in the Future Truck competition, sponsored by the American Department of Energy 
and vehicle industry manufacturers. This competition focused on the redesign of sport utility 
vehicles to decrease greenhouse exhaust gas emissions and decrease fuel consumption, whilst 
maintaining the performance and comfort expected from a conventional vehicle. To achieve 
these goals, the university teams modified components of the vehicle, such as: the power 
train, fuel system, electronics, materials and other features [10]. These efforts resulted in 
vehicles able to operate with improved efficiencies and lower emissions, more than 
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conventional ones using sophisticated equipment, electronics and materials. However, these 
substantially increase the cost of the vehicle. Some examples are found from the Comell 
University [II] and the University of California [ 12]. 
Although non-conventional vehicles have shown substantial advantages in terms of fuel 
economy and exhaust emissions, they are only cost effective for consumers when subsidies 
are offered, either through tax reduction or subsidy by the manufacturers. For example, in 
London, exemption from the congestion charge for hybrids and free public parking for pure 
electric vehicles in the Borough of Westminster constitute a substantial incentive and growing 
numbers of these vehicles can be seen in this city. However, these subsidies are not 
sustainable for all vehicles. Therefore, market penetration is not likely to affect a large 
fraction of the vehicle population unless the cost of the power train reduces or there is a 
substantial increase in the price of fuel. It is expected that there will be more restrictive 
emission regulations during the coming years, which would encourage new vehicle power 
train designs. These will have to take into account the cost, life time and feasibility of 
implementation of the vehicle components in order to offer affordable solutions to consumers 
[13,14]. 
22 The architecture and characteristics of conventional vehicles 
Automotive vehicles are so widely used to transport people and goods that they have become 
an essential part of everyday life. A conventional vehicle configuration includes: chassis 
body, engine, transmission, steering, suspension, driving road wheels and braking systems. 
Each system provides a particular function for the operation of the vehicle. For example, the 
steering enables the vehicle to be manoeuvred; the suspension partially isolates the body from 
road-wheel impact shocks; the engine provides the mechanical power to move the vehicle; 
and the transmission conveys the power from the engine to the wheels [ 15]. All these systems 
function harmoniously by means of complex electronics, under the command of the driver 
who determines a desired speed and route by pressing the accelerator and brake pedals and 
manoeuvring the steering wheels. When the driver presses the accelerator pedal, the engine 
converts calorific energy contained in the fuel into mechanical power and directs it to the 
wheels, via the transmission that provides a suitable gear ratio between them. Conversely, 
when the brake pedal is pressed, the braking system converts the kinetic energy of the vehicle 
into frictional torque, and then into heat at the brakes, hence slowing down the vehicle. In a 
conventional vehicle, energy from the vehicle follows a single path in the power train during 
acceleration (from the engine to the wheels, as shown schematically in Figure 2.4). When the 
brakes are applied, the energy goes from the body chassis to the brakes, with no power stored 
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in the power train at this stage. Some energy will pass through the transmission to the engine 
in what is termed engine braking but energy is still dissipated into heat rather than stored. 
ENEROYFLOW 
TOVEHICLE 
HEAT L-N 
DISSIPATI13N 
13RAKES 
Differential 
Brakes at wheels 
Figure 2.4. Schematic energy flow in a conventional vehicle. 
Figure 2.4 also shows the location of the differential and the transmission in the power train. 
The former acts as the final gear reduction in the vehicle and transmits power to the wheels 
while allowing them to rotate at different speeds when required (for example, to turn). The 
section from the differential to the transmission is termed the final drive and its rotational 
speed is linear to the speed of the vehicle. It is usually not desirable or practical to make the 
engine speed linear with the speed of the final drive. Hence, a transmission is needed to direct 
power from the engine in different gear ratios. There are various types of transmissions, with 
discrete geared transmissions being the most common. They have a set of fixed gear ratios 
that are selected depending on vehicle and engine speed. The engine torque is given by the 
power required to drive the vehicle and the current engine speed. Additi 
' 
onally, a clutch or 
torque converter operates during some stages in the drive cycle when the ratio required is too 
high for the values in the transmission and final drive. 
The characteristics of the engine and transmission system depend to a large extent on the 
vehicle application, ranging from small vehicles carrying two people on board to heavy 
vehicles able to transport loads weighing several tons. Each vehicle is thus designed to meet 
design criteria depending on the application. This condition is a major distinction for the 
determination of the power train mechanical characteristics. 
The chassis body is determined by the application, which determines the weight that the 
vehicle is able to carry, hence the size of the engine. Medium size vehicles would typically 
use engines rating 38 kW to 90 kW whilst heavy good vehicles would use engines of 300 kW. 
The engine used in a conventional vehicle would typically bum petrol or diesel fuel. When it 
is fuelled with petrol, ignition of the fuel/air mixture is achieved by spark discharge, whereas 
with diesel fuel, it is achieved spontaneously due to compression of the fuel/air mixture. 
Although the principle for operation and performance also depends on the engine type, 
particular characteristics would depend on the specific design of the engine, which is strongly 
37 
influenced by the preferences of potential customers. For example, in sports or luxury 
vehicles, overrated engines tend to be installed because this type of consumer enjoys having a 
powerful engine to provide high torque to rapidly accelerate the vehicle. For small family 
vehicles, small engines are more advantageous offering high fuel economy to the customer. 
As a result, each manufacturer develops and installs engines in their vehicles taking into 
account diverse parameters, including weight, maximum power, performance, cost, and 
consumer preferences. This wide range of combinations for each manufacturer has resulted on 
an extensive variety of engines available, whose detailed mechanical characteristics are 
ordinarily kept secret for conunercial reasons. 
Figure 2.5 shows the characteristics of the engine of a typical small size vehicle, typically 
referred to as the engine map. It shows the line of maximum torque, the typical 'onion shape 
lines' for the efficiency (0.15 to 0.3), and the lines of constant power. 
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Figure 2.5. Torque versus speed efficiency map for a typical commercial engine. 
2.2.1 Improvement in overall efficiency 
The energy consumed by a vehicle is directly related to the forces acting on it. They are 
divided into external and internal. External are those that are applied on the vehicle from 
outside, such as aerodynamic and tyre losses. Internal are those that occur from the operation 
of the components produced, for example, from friction or fluids in movement. These forces 
dictate the demand for power during the operation of the vehicle, and are the main source of 
energy demand from the vehicle. Reducing the level of external forces is the most direct way 
of reducing energy demand and therefore, increasing the overall efficiency of the vehicle. For 
instance, minimising the transversal area of the vehicle or optimising the physical properties 
of the tyres are typical examples of engineering efforts to improve the overall efficiency of 
the vehicle. The possible reduction of external or internal forces is also correlated with the 
cost of such advantages: it is a trade-off between the benefits of reducing losses in a 
component and the implicit cost of achieving it. Additionally, the improvements in the 
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thermal efficiency of the engines have not been sufficient to solve the problem, with better 
power trains and more aerodynamic vehicles being considered to be the most viable option 
for improvement of overall vehicle efficiency. 
Another way of improving the overall efficiency of the vehicle without reducing these losses 
is by applying energy management during the operation of the vehicle. The topology of a 
conventional vehicle power train is not particularly beneficial to this type of energy 
management due to its limited energy flow path and rigid operation. For that reason, distinct 
power train topologies have been developed taking advantage of technologies mature enough 
to be used even in a commercial environment, like HEVs. The need for more flexible power 
trains has led to the development of novel hybrid power trains, explained in the next sections. 
23 Research into non-conventional vehicles 
Researchers have actively studied alternatives to conventional vehicles leading to 
enhancements in the overall efficiency of the vehicle and reductions of emissions. The 
approaches vary from the optimisation and development of single components to the 
development of novel power train architectures, including investigation into new types of 
fuels. Research is frequently found to be focused either on the optimisation of single 
components, like battery performance, or on the optimisation of the performance of the whole 
vehicle. This section presents an overview of the research conducted into non-conventional 
vehicles and the components required for its operation. 
2.3.1 Alternative fuels and power trains 
Research into novel power trains includes the development of new types of fuels to provide 
energy to drive the vehicle [16-19]. These fuels are being developed to be used either with 
existing or novel prime movers and power train configurations. In particular, among the 
primer movers, fuel cells have received particular attention because they are seen by many as 
the most viable alternative to the internal combustion engine due to its performance and 
compatibility with renewable fuels [20-22]. Although fuel cells are a promising option to 
transportation, its massive introduction might require modifying the entire carbon fuel 
infrastructure towards the fuel cell's requirements, which seems an extremely unlikely scene 
in the near future. 
The development and investigation into power trains in line with the existing engine structure 
is also carried out. For example, Rahman [23] conducted a series of simulations of a hybrid 
parallel configuration (shown in Figure 2.6) varying the location and type of transmission, the 
level of hybridisation of the vehicle and the control technique under the SAE J1711 
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procedure [241 so as to investigate the performance of the vehicle in different operating 
conditions. 
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Figure 2.6. Hybrid power train architectures used by Rahman during his investigation: (a) the pre-transmission 
architecture and (b) the post-transmission architecture (Illustrations from Rahman et al. [23]). 
The results suggest that the modification of the Hybrid Electric Power train (HEP) 
configuration and the level of hybridisation produce different effects in fuel economy and 
pollutants. Higher levels of hybridisation result in better fuel economy (up to 40% higher 
compared to a conventional vehicle) and in reductions in HC and NOx emissions. However, a 
control strategy might give higher reductions with regards to a particular pollutant but the 
same benefit might not be obtained for others. This exemplifies the great complexity involved 
in the analysis of hybrid power trains. Although this article presents a study into the effects of 
slight modifications to the power train, this would require a more detailed definition and 
verification of the mechanical components in the power train to produce more valuable 
results. 
Another configuration that uses existing engine technology is the hybrid power split 
configuration proposed by Nedungadi [25] from The Southwest Research Institute (SwRI). 
As illustrated by Figure 2.7, a planetary-based gearbox, an engine, an AC induction motor 
and the final gear drive comprise the mechanical layout of the SwRI Parallel Hybrid drive 
train 
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Figure 2.7. Mechanical Layout of the Parallel Hybrid Drive train proposed by the SwRl (Illustrationfirom 
Nedungadi et aL [25]). 
Figure 2.8 presents the parallel hybrid drive train conceptualised, simulated, fabricated, and 
assembled at SwRl. 
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Figure 2.8. Photograph of the Parallel SwRl Hybrid Drive train Test Cell (Illustration jront Neclungadi et al. [251). 
The planetary gear arrangernent combines and splits tile power frorn the electric motor and 
the engine. A sprag clutch (one-way clutch) and hydraulic brakes on each of tile planetary 
sun, ring, and carrier gear are used to transition the system through tile drive cycle. A 
flywheel and a dynamorneter were used to simulate vehicle inertia and vehicle load for tile 
drive train following several urban driving profiles. Although computer simulations suggest 
that reductions in fuel consumption are achievable, no consideration was made to account I'm- 
tile additional weight of the batteries and motor. Hence, discrepancies were found between tile 
experimental results and tile computational Simulation. 
Other power trains have been developed focused in the storage of energy from tile vehicle. 
These power trains will be covered in the next section. 
2.3.2 Alternative energy storage devices 
A particular feature of the hybrid vehicles is that vehicle's kinetic energy, dissipated as licat 
during braking in a conventional vehicle, can be stored to be subsequently re-used to propcl 
the vehicle. The types of alternative energy storage devices found for automotive usage iirc 
batteries, ultra capacitors, hydraulic systerns and flywheels. The two first elements are 
primarily chemical-based components that operate in conjunction with electric components, 
and the two last are mechanical ly-based that operate with mechanical systems. 
In a HEV, part of the energy is stored in the battery pack and used to drive tile vehicle by 
means of the power train's motor. However, tile battery technology is subject to limits on its 
performance to store and deliver energy depending on the technology. Additionally, the 
supply of energy to the battery from regenerative braking creates ail uncompleted cycle that 
affects the life of the battery but that has not been sufficiently quantified yet. These 
limitations and uncertainties have given rise to the need for other types of' temporary energy 
storage devices during regenerative braking (more detailed information about batteries will be 
presented in section 2.4.3). 
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One alternative to batteries for energy storage from a vehicle is the use of ultra capacitors [26- 
301. They are electrochemical systems that store energy in a polarized liquid layer at the 
interface between an ionically conducting electrolyte and a conducting electrode. Increasing 
the surface area of the interface enhances the energy storage capacity. Ultra capacitors are 
being developed as primary energy devices for power assist during acceleration and hill 
climbing, as well as recovery of braking energy. They are also potentially useful as secondary 
energy storage devices in HEVs, providing load-levelling power to chemical batteries. At 
present, these devices are still under development and, given its cost and uncertain reliability, 
are not seen yet as a feasible option. 
Hydraulic systems are used to mechanically store energy from a vehicle in motion. Hydraulic 
accumulators incorporated in passenger cars and buses store and provide energy. These have 
delivered significant improvements in the urban fuel economy as reported by Pourmovahed 
[3 1 ]. Buses are favourite candidates for the use of this type of systems given its lower impact 
due to added weight and higher space availability when compared to medium size vehicles. 
For example, Chicurel [32] proposed a hydro-pneumatic system to store energy from a small 
passenger bus by means of compressed hydrogen in a reservoir and a hydraulic pump. This 
system will be analysed in detail in the section 3.2.3. 
Another means to store kinetic energy from a vehicle is a flywheel. Although flywheels are 
commonly used when coupled to an electric motor to transfer and provide energy from the 
flywheel [33-35], this thesis is focused in its application with transfer of energy by 
mechanical means, as those are already used on the rail industry to regenerate energy from 
rail vehicles. For example, Parry People Movers Ltd (PPM) has integrated a flywheel into an 
ultra light rail vehicle (ULRV). Energy is stored in a flywheel to avoid the excessive vehicle 
weight and elevated cost of full system electrification [36], providing a tram (shown in Figure 
(a) (b) 
Figure 2.9. (a) Photograph of PPM tram and (b) schematic configuration of PPM power train (Illustrationsfirom 
PPM[361). 
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2.9) that operates in zero emissions. 
A more recent version of the PPM tram has been designed with an on-board internal 
combustion engine in a series arrangement to provide power to the flywheel where no electric 
power sources are found to increase flexibility during its operation. 
Few investigations have been found in which flywheels provide direct mechanical power flow 
to the power train. Dietrich [371 from The Swiss Federal Institute of Technology designed and 
built a hybrid power train (shown in Figure 2.10) comprised by an engine, a rnotor, a 
Continuously Variable Transmission (CVT) and a 1.37 kgrn 2 steel-made flywheel arranged as 
a parallel hybrid with engine or pure-electric operation. 
AHE ambient heat exchanger EWP electric water purnp JS junction shaft 
B battery F flywheel HIS latent heat storage 
C clutches HC heat and noise capture PE power electronics 
CAT catalyst HE exhaust heat exchanges SI, silencerair fifter 
CVT continuously variable transmission I IV vehicle heater TF throttle flap 
EM electric motor ICE internal cornbustion engine W ýhcel 
Figure 2.10. Scheme of the ETH-Hybrid III power train proposed by The S wiss Federal Institute of' 1'echnology 
(Adapted, trom Dietrich et al. [37]). 
This arrangement has an electric motor and a flywheel connected in parallel to tile output 
shaft of the engine that permits power train operation as conventional, pure electric or hybrid. 
The maximum operating speed of the flywheel is 630 rad/sec. Results from the power train 
performance under the European drive cycle ECE-R15/04 and local drive cycles are 
presented. The results suggest that reductions in the fuel consumption of the vehicle of Lip to 
45% (compared to a conventional vehicle) can be obtained with this arrangement and that tile 
energy can be directed to different elements with the flywheel offering a way to store energy 
for a short time. Although this type of configuration seerns to offer a high reduction if) fuel 
consumption, its benefits are restrained by its complexity, uncertain lit'etirne and cost in 
vehicular application. In addition, there are drawbacks since energy and power to weight 
ratios for batteries and electric convertors for current technology are not high leading to size 
and weight penalties. Therefore, improvements are still needed. 
The University of the West of England has investigated the use of a flywheel with a ('V'I'. 
Jefferson [38] proposed the utilisation of a 1.05 kgm 2 flywheel and a CVT to operate in 
parallel with an engine, as can be seen in Figure 2.1 I(a). The principle is simple, using a CVT 
to provide the required ratio between the flywheel and the output of' the engine to assist in 
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acceleration, and to regenerate braking energy. Tests using an electric motor and the CVT to 
propel the flywheel at a maximum speed of 3 10 rad/sec are presented (see arrangement in 
Figure 2.11 (b)). The results show that within this range the CVT can be effectively used to 
provide and store energy in the flywheel. A computational study into automotive applications 
showed that energy savings of 25% could be achieved but virtually no information concerning 
the flywheel performance was presented. Although the simplicity in the architecture would be 
the best advantage, detailed analysis would be required to assess its practicability when using 
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(a) (b) 
Figure 2.11. (a) Hybrid system layout and (b) experimental arrangement of the hybrid propulsion system proposed 
by The University of the West of England (Illustrationsfrom Jefferson [38]). 
The University of Eindhoven in The Netherlands is also conducting a hybrid power research 
program for a medium size vehicle that has led to the development of a novel hybrid 
transmission [39-42]. It is a power train designed to enhance the fuel consumption from the 
engine utilising a planetary transmission and a CVT to direct power from a flywheel and the 
engine to the final drive (see Figure 2.12). Its control strategy is based in the use of the 
flywheel to provide energy to the vehicle and avoid low efficiency ranges in the engine. 
Additionally, the flywheel is used to store some braking energy from the vehicle. It has been 
reported that, with this transmission, it is possible to achieve reductions of up to 18% in fuel 
economy compared to a conventional vehicle with a similar size being driven following the 
New European Drive Cycle (NEDC) without constraining driveability [43]. Although 
valuable, this figure was obtained with the vehicle being driven in a standard drive cycle, 
which does not reflect real driving conditions. No information was available in more stringent 
drive cycles. 
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in vehicular applications. 
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Figure 2.12. Hybrid system proposed by The University of Eindhoven (Illustrationfirom Van Druten [44]). 
Additionally, at Imperial College, London, Shah [45] has been conducting research into a 
flywheel for energy storage in automotive usage. The aim of the research is to design and 
develop a prototype of a flywheel to be used in a vehicle optimising size, weight, energy 
requirements, safety, operation and manufacturability. By the time this thesis was written the 
flywheel had been already built (shown in Figure 2.13) and successfully tested to 23,500 rpm. 
These initial results showed that the operation of low inertia high-speed flywheels made with 
composite materials in a vacuum environment is feasible. 
Figure 2.13. Photograph of the flywheel developed at thc Imperial College, London. 
It has been seen that improvements in the overall efficiency of a hybrid power train can be 
achieved if efficient energy systems are added to the power train. These systems must operate 
in conjunction with other components of the vehicle and must function according to the 
current power demand of the vehicle. Due to the complexity and variability of operation in 
the components, the use of software to conduct this analysis is a common practice, as will be 
seen in the next section. 
2.3.3 Design and optimisation 
The design and optimisation of hybrid power train components is a topic described 
extensively in the open literature. It is usually conducted with the assistance of computational 
tools leading to the optimisation of the control strategy, to the analysis of energy management 
and components perforinance or to the development of strategies for the design of hybrid 
power trains. 
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The software generally uses a combination of theoretical equations with steady state maps for 
the simulation of the components following a particular drive cycle [46-49]. This is conducted 
to reduce the simulation time and to improve the simulation of components with a more 
complex performance, like engines and transmissions. The strategies followed by the 
optimisation of the hybrid system vary among different authors; for example, Lee [50] based 
his optimisation in a clutching strategy, whereas Aoyagi [51] and Waltermarm [52] based 
their optimisation in the recharging of the energy source. Nevertheless, even if the strategy 
varies, the final objective remains the same: the optimisation of the power train operation. 
Other authors present a more ambitious objective when using computational tools: the 
determination of strategies for the design of a complete hybrid vehicle. The design of a hybrid 
vehicle implies the determination of various mechanical and electrical components that must 
be designed depending on the application [11,53-55]. Various factors should be assessed for 
a correct design, including: size of the vehicle, drive cycle, cost, efficiency during operation, 
among others. To fulfil these requirements, various design strategies are proposed. Rizzoni 
[56] proposes scaling and interconnecting the major components by means of topological 
rules, ensuring that the energy balance is always fulfilled. Tate [57] defines energy and power 
functions that are maximised or minimised to obtain the best possible configuration given the 
design restrictions. Hellgren [58] proposes an iterative strategy in which each property is 
evaluated along a drive cycle against the cost of its operation and implementation to find the 
most cost effective solutions. Hofman [59,60] proposes a design strategy that is based in 
sequential steps. He correlates the power sources, the transmission and the vehicle demand 
with a control strategy and design constraints to sequentially determine the most 
advantageous configuration. This is based in optimised functions that might include variables 
such as efficiency and cost of the components. His major objective is the development of 
applicable strategies for the design of hybrid power trains. Despite all these efforts, a final 
solution has still not been found. However, these proposed strategies are valuable to assist in 
the understanding of the most important variables when designing a hybrid power train. Also, 
these are clear examples of the applicability, and even necessity, of the use of software to 
evaluate complex power trains that might be otherwise virtually impossible to analyse under 
real driving conditions. Various software platforms have been developed exclusively for the 
purpose of analysis of conventional and non-conventional power trains, as will be seen in the 
next section. 
2.3.4 Computational modelling software 
Computational modelling is characterised by the desire to mathematically simulate the 
performance of a vehicle by means of computational tools. It is common for Universities and 
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research institutions to develop software for the analysis of conventional and non- 
conventional power trains. The major advantages of the use of software for the analysis of a 
power train are versatility and low cost. 
At Imperial College, research in the simulation of HEVs has been conducted since 1994, 
when Yaxas [61] developed a FORTRAN 77-based software to analyse hybrid vehicles. It 
was followed by Leontopoulos [62,631, who developed a FORTRAN based software for the 
analysis of HEVs. This software allowed the user to conduct simulations of vehicle 
configurations with multiple traction motors and a new battery model, improving data 
visualisation and storage. Subsequently, in 1998 Pantelidis [64] developed a 
MATLAB/SIMULINK-based simulation program with beneficial graphical manipulation 
utilities, with additional work on modelling the motor cooling. In 1999 Lefebvre [65] 
continued the development of this software implementing a number of different vehicle 
configurations, developing a combustion engine model and generating a new Graphical User 
Interface (GUI). This software was able to model conventional vehicles, pure electric vehicles 
and series hybrid electric vehicles, as well as allowing direct comparisons between 
conventional and hybrid vehicles. Additionally, a software to study hybrid power trains is 
currently under development by Wilkins [66]. It is a novel approach to the analysis and 
modelling of HEVs with an object oriented software structure that explores the possibilities of 
hardware-in-the-loop simulation, thus merging experimental work with numerical simulation. 
This software aims to predict the impact of various components on the overall performance of 
the new type of vehicle reducing the time required in modelling. This research program has 
been developed in parallel to this investigation and, by the time this thesis was written, results 
were not available. 
In addition to Imperial College, diverse other groups have developed software to model 
HEVs. For example, the PNGV System Analysis Toolkit, developed by the National Argonne 
Laboratory using MATLAB/SIMULINK, can be used to evaluate power train configurations 
and components such as advanced heat engines and energy storage devices in conventional 
and hybrid electric vehicles [67]. 
EASY5, a commercially available software developed by Mechanical Dynamics Inc. [68], is 
used to predict the performance of conventional and hybrid vehicles using pre-defined 
subsystem components from various libraries, including transmissions, engines or braking 
systems. 
HENESIM, developed at the Automotive Research Centre of the University of Michigan, is 
written in MATLAB/SIMULINK, which deals with the simulation of vehicles [69]. The 
simulator consists of five modules: engine, driveline, electric motor, battery and vehicle 
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structure. The code was developed to investigate power management strategies using a 
dynamically optimised algorithm. 
V-Elph is a system level modelling simulation and analysis package developed at Texas 
A&M University in the MATLAB/SIMULINK platform [70,71]. This software facilitates 
studies of energy efficiency, component sizing, energy management strategies and 
optimisation of component parameters for hybrid or electric configurations. 
The vehicle simulation programme was developed at the Vrije Universiteit Brussel, in 
Belgium [72]. This software simulates hybrid and electric power trains and uses a 
longitudinal dynamics strategy, i. e. the drive cycle is divided into a number of time steps and 
the operation of the vehicle is solved at the end of each time interval. Various electrical and 
mechanical systems used in hybrid power trains are simulated with this software, including 
batteries, fuel cells, ultra capacitors and flywheels. 
Since 1998, the National Renewable Energy Laboratory (NREL) developed ADVISOR, 
which is a computational simulation software written in the MATLAB/SIMULINK software 
environment to simulate conventional and non-conventional vehicles based in a longitudinal 
dynamics strategy [73]. This tool tests the impact of changes in vehicle components, such as 
catalytic converters, control systems, alternative fuels or other modifications that might 
impact fuel economy or emissions. The user can alter simulation results by selecting vehicle 
component types, sizes and parameters. ADVISOR has a library of components, each of 
which can be modified if desired. In addition, new components can be created, but this 
requires modification of the source code in order to accommodate them. 
The capabilities shown by ADVISOR 2002, its availability and possibility to modify the 
source code and sub-blocks, meant that this was the software chosen and developed for 
analysis of hybrid power trains for the current project. A detailed description of this software 
will be given later in section 3.1. 
24 HybridElectric Vehicles 
The development of HEVs is currently at the forefront of vehicle power train given the novel 
approach of energy optimisation and use of mechanical and electrical components. HEVs 
differ from conventional vehicles predominantly due to their power train architecture. Unlike 
conventional vehicles, HEVs use a secondary power source to propel the vehicle: batteries 
and electric motors are incorporated in the power train to optimise its operation. An analysis 
of the operation of hybrid electric vehicles and hybrid electric power trains is presented in this 
section. 
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2.4.1 Overview of HEV configurations 
A HEV and a conventional vehicle share numerous common features, like having a chassis 
body, engine, steering, transmission, suspension, driving road wheels, braking systems, 
among others. Its main difference relies on the type of power train used to transmit power 
between the engine and the driving road wheels. A HEV is an automotive vehicle that 
operates with a hybrid power train that manages a substantial amount of electrical power, 
termed Hybrid Electric Power train (HEP). HEVs have different mechanical arrangements 
depending on the energy flow presented during its functioning. Three main HEP architectures 
have been identified for HEVs: series, parallel and power split. 
The series configuration is characterised by having the mechanical and electric power sources 
independent one from the other but feeding to a common propulsion motor. The fuel 
converter, usually an IC engine, drives a generator that charges the batteries that are used to 
provide energy to the motor in order to power the vehicle. It is also possible to allow energy 
to flow directly from the generator to the motor if the control strategy allows it. With this 
configuration the energy flows in a straight line and therefore the motor (as shown 
schematically in Figure 2.14) solely propels the vehicle. During braking, the batteries can be 
recharged using braking energy. 
Generator 
Engine 
Batteries 
Figure 2.14. Schematic view of a HEV with a series configuration (Adaptedfrom NREL [73]). 
In the parallel hybrid configuration both the fuel converter and the motor drive the vehicle 
wheels having the energy flow from two paths. This system also allows the engine to charge 
the battery on-board and partially recover energy from braking. Figure 2.15 shows a parallel 
configuration schematically. 
Cýt. h tic ccnverler 
Figure 2.15. Schematic view of a HEV with a parallel configuration (Adaptedftom NREL [73]). 
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The power split configuration is a type of combination of a series and a parallel configuration 
but closer to the parallel configuration. It differs in that a planetary gear system combined 
with a starter/generator can transfer energy between the fuel converter and the electric motor, 
which are coupled to the drive shaft. In this configuration (shown in Figure 2.16) the fuel 
converter provides the primary power, with a power-split device (planetary gear with 
starter/generator), sending power to both the drive shaft and the electric motor. This 
configuration also allows the batteries to be recharged with braking energy. 
Generator/Motor 
Fuel 
tank 
Figure 2.16. Schematic view of a HEV with a power split configuration (Adaptedfrom NREL [73]). 
Series HEVs generally have lower overall efficiency basically due to having a greater number 
of energy conversions that occur during its operation, whereas parallel and power-split 
hybrids show an improved efficiency by having a direct coupling between the prime mover, 
the motor and the final axle through the transmission. Typically, the mechanical transmission 
used in a parallel or power split configuration transmits the energy from the prime mover or 
the motor to the wheels with an improved efficiency but requires a more complex 
transmission and control strategy. At the moment there is a tendency to conduct research into 
hybrid vehicles with parallel or power-split type configurations, rather than series. 
2.4.2 Examples of commercial HEVs 
The hybrid vehicle power train and its control strategy will determine the fuel converter and 
motor's function. Hence, researchers and engineers have proposed various component 
combinations for HEVs. Clear examples are commercially produced HEVs, which have a 
variety of component arrangements and control strategies. 
The Nissan Tino has a parallel hybrid power train with a CVT to transmit the power between 
the motor and the wheels [74-76] (as shown schematically in Figure 2.17). With this 
configuration a generator is coupled to the engine to charge the batteries or power the traction 
motor that is used during start, low driving speed and full throttle acceleration. Energy is 
generated for the batteries during regular driving, hence keeping the engine in the range of 
high efficiency operation. During braking the traction motor operates as a generator whereby 
electric energy is stored in the batteries. 
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Figure 2.17. Schematic view of the Nissan Tino Parallel power train (Illusiration from Matsuo ei aL [75]). 
Figure 2.18 shows the layout of the Honda Insight hybrid power train, called Integrated Motor 
Assistance (IMA), designed to optimise the use of energy during engine or motor operation 
[77]. It is a parallel HEV with an electric motor that assists vehicle propulsion by direct 
coupling to the output shaft of the engine. The electric motor speed is equal to the engine 
speed, and the motor cannot spin independently of the engine. The electric motor also acts as 
a generator to recapture energy during decelerations and to provide power for the auxiliary 
systems. For the motor to regenerate power during deceleration the clutch has to be engaged 
and the transmission, which can be a CVT or a5 speed fixed ratio gearbox, in an appropriate 
gear to transmit the torque to the motor. Both the Insight and the Civic hybrid use the same 
hybrid system: the IMA. 
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Figure 2.18. Schematic view of the Insight hybrid power train (Adaptedftom Honda [77]). 
The IMA was implemented in the chassis of a Civic to provide customers with a different and 
non-conventional option of a well-known vehicle. This vehicle is a good example of the 
numerous similarities found between a conventional vehicle and a HEV, apart of its power 
train and energy management. 
The layout of the Prius HEP is shown in Figure 2.19. It uses two motors and an engine 
coupled to a power split planetary gear set. The Toyota Prius operational topology relies on 
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an engine and a motor coupled by an electronically controlled planetary gearbox with a power 
split configuration [6,78,79]. 
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Figure 2.19. Schematic view of the Toyota Prius hybrid power train (Illustrationfrom An et at [80]). 
The engine output shaft is connected to the planet carrier, the generator is connected to the 
sun, and the motor is connected to the ring gear. The ring is also connected to the wheels 
through the final drive. The planetary gear allows part of the engine torque to flow directly to 
the wheels whilst the remaining fraction goes to the generator. The motor speed is determined 
by the vehicle speed. The remaining two degrees of freedom (engine and generator) interact 
by splitting the engine torque and power, depending upon the speed of the generator. The 
control strategy keeps the engine operating in the most efficient manner and shuts down the 
engine during driving when the load demand is low [81]. Additional features such as low 
friction and aerodynamic drag coefficient, thermal isolation of roof and windows, HC 
absorbers, among others contribute to reduced emissions and fuel consumption [82]. This 
highlights the problem when trying to evaluate the benefits of the HP. If a manufacturer adds 
vehicle efficiency enhancements at the same time, it is difficult to distinguish between the 
benefits given solely by the hybrid power train and those of the vehicle. This is done to make 
the HEP look better than it actually is. Table 2.1 shows the main features of these commercial 
HEVs. 
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Table 2.1. Main characteristics of the HEVs available in the market [6-9,83]. 
Description Prius I Insight' Civic, Tino 
Power engine (kW@rpm) 52@4500 50@5700 70@5700 74@5200 
Torque engine (Nm@rpm) LL @L4 50 0 89@4800 142@3000 141@4000 
Power motor (kW@rpm) 
3321040ý 
5600 10@3000 10@4000 
17@1390- 
5600 
Type of batteries Ni-MH NWH Ni-MH Li-ion 
Emissions SULEV ULEV4 ULEF- ULEJ, 4 
Fuel economy (mpg5) in city 
driving from EPA". 43 57 38 NIA2 
' 5-speed version. 
2 N/A. Information not available 
3 Super Ultra Low Emission Vehicle from the California Air Resources Board. 
4 Ultra Low Emission Vehicle from the California Air Resources Board. 
5 mpg. Miles per gallon 
6 EPA. Energy Protection Agency. 
Other automaker companies have been developing hybrid vehicles [84-87], and they will 
potentially launch their versions of hybrid vehicles when they are technically ready for 
commercialisation or when the conditions at the market make it commercially favourable. 
2.4.3 Batteries 
Batteries are a major component in the architecture of HEVs: it is the element that provides 
energy for the operation of the motor, which is the secondary power source in the power train. 
During typical HEPs operation, the calorific energy contained in the fuel is either converted 
into mechanical or electrical energy. The mechanical energy is usually used to propel the 
vehicle, whereas the electrical energy is either used to propel the vehicle or is stored in a 
temporary downstream energy storage device: the batteries. The use of batteries has. an 
inherited limitation due to the chemical process that takes place to deliver and store energy. 
The ability of a battery to accept and provide charge is dependent upon the chemistry 
involved, its design, size and its state of charge (SOC) [88]. Therefore, when a particular type 
of battery is used in a HEP, a variety of factors must be taken into account to suit the battery's 
performance into the vehicle's power demand. The sharp current spikes commonly found 
during vehicle usage affects the battery's capacity. The thermal management is also another 
important issue for the performance of the vehicle. Each battery technology has different 
thermal management requirements to maintain the battery in an operational region. Therefore, 
the environmental conditions for each location might also affect the performance and the 
design of the vehicle. The inclusion of batteries in the vehicle implies the addition of weight 
causing an increase in the energy demand, thus reducing the range in the batteries [89]. Table 
2.2 provides a summary of candidate battery technologies for a HEV application. 
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Table 2.2. Typical characteristics of batteries used for HEVs [88,90]. 
Type of battery Specific energy 
Mg 
Specificpower 
W17cg 
Life cycles 
Lead-acid 30-40 150-200 500-1000 
- Nickel-Metal Hydride 
- 
60-70 500-1000 750-1200 
iTickel-Cadmium 40-50 150-500 800 
Nickel-Zinc 60-80 200-300 500-1000 
Lithium-Ion 125 150-180 800-1200 
Zinc-Air 100-220 50-100 600 
Moreover, batteries do not have a particularly long life span. Manufacturers offer up to 8 
years based on test bench measurements but since commercial hybrids have not been long 
enough in the market, it is not possible to know with precision the life span of a battery when 
subject to vehicular usage. Corrosion or extreme temperatures might dramatically reduce its 
lifetime[91,92]. This can be attributed to the high complexity of the chemical-based battery 
operation. Even though batteries do not emit pollutants when operating, when replaced an 
adverse impact to the environment is created by the deposition of toxic materials into landfill 
sites. Therefore the life cycle of a battery needs to be as high as possible. 
In addition to technical drawbacks, batteries suffer commercial disadvantages. The only 
batteries that have found commercial markets sufficient to support a refined level of 
development are lead-acid (PbA), Nickel-Metal Hydride (NiMH) and Nickel-Cadmium 
(NiCd) [53]. From battery technologies, the PbA type is the most common used in electric 
and hybrid vehicles, because the cost of the others, more suitable for vehicular application, is 
still high. 
Despite research into batteries and electric motors being actively conducted, including: the 
investigation of new types of reactant materials [93-95], analysis by means of computational 
simulation [96-98], and determination of the effect of charging and discharging rate [99], it 
still remains that an optimum cost-effective solution has not yet been found. This has 
discouraged the extensive use of batteries on hybrid vehicles. 
Z5 Influence of drive cycle 
2.5.1 Importance of driving cycle on HPs 
Although HPs have shown great advantages compared to the performance of conventional 
power trains, one of the main drawbacks for the development of hybrid vehicles is the 
increasing number of road vehicles and the great variety of drive cycles for a particular 
vehicle. Usually, vehicle's fuel consumption ratings are based on standard drive cycles 
designed for the vehicle to be tested on a dynamometer, such as the Federal Urban Drive 
Schedule (FUSD) in The United States of America (USA) and the European Drive cycle 
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(Directive 1999/100/EC). Although these cycles provide a common platform for the 
determination and comparison of tailpipe emission from commercial vehicles, they do not 
actually represent real drive cycles [100,101]. The determination of real drive cycles is an 
area of transport engineering that is actively under development. 
The determination of typical driving patterns is currently under research in various cities 
[ 102-104]. Typical drive cycles differ greatly for each type of vehicle and there is a variety of 
possible road flow classifications. For example, in Britain [105], Scotland [106] and Australia 
[107], different projects have been undertaken to establish typical drive cycles at different 
locations. The results suggest that the development of typical driving cycles are a major task 
that requires the categorisation of vehicles depending on gross vehicle mass, main activity 
and even typical road flow. The potential drive cycle the HP will be subject to might 
determine particular features of the vehicles, such as the configuration and size of major 
components and the control strategy. The analysis of HPs following a particular drive cycle is 
of great importance when determining the potential benefits of the hybridisation of a vehicle 
for a particular usage. Instantaneous velocity and acceleration combined with the weight of 
the vehicle and the efficiency of single components determine the power requested from a 
vehicle. Therefore, the drive cycle, the power train and the physical characteristics of the 
vehicle must be carefully considered for any particular application [108]. 
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26 Summary and conclusions 
An overall view of the historical and current status of conventional and non-conventional 
vehicles has been presented in this chapter. The main difference between conventional and 
non-conventional vehicles is the power train used for vehicle propulsion. It was argued that 
conventional vehicles have a rigid power train configuration that has reached a plateau in 
terms of development. Therefore, to provide more efficient and less polluting vehicles, novel 
vehicle power trains must be developed, the vehicles in which they are mounted being 
denoted non-conventional vehicles. It was found that the most advanced non-conventional 
vehicles are Hybrid Electric Vehicles. The significant reduction in fuel consumption and 
emissions shown by these types of vehicles has encouraged the study of new types of power 
train equipped with a secondary power source, which can store energy. In particular, these 
vehicles use batteries as a temporary energy storage system. However, given the cost and 
operational drawbacks, there is still a search for efficient cost-effective battery solutions. A 
new investigation approach was instigated based on some of the principles shown in HEVs 
but based in a mechanical device to store energy during braking and act as a secondary power 
source during acceleration. From the literature review it was seen that mechanical devices of 
this type have not been as actively investigated as electrical devices and few studies have 
been published that use a mechanical-based architecture. Most of the studies in regeneration 
are based on the use of electrical-based components. The literature review and the analysis 
presented in this Chapter therefore concentrated on the determination of the most important 
components for conventional and non-conventional vehicles that would be later taken into 
account during the achievement of one of the main objectives of this investigation: the design 
of a Mechanical Hybrid Power train with energy storage capabilities. 
It was seen that the design of hybrid systems was achieved with simulations of conventional 
and non-conventional vehicles conducted with a variety of software platforms. The 
computational simulation of mechanical hybrid systems for use in a real size vehicle is also 
helpful for the comprehension of the main characteristics of automotive vehicles. Therefore, 
to enhance the knowledge in the use of computational software and the understanding of the 
operation of real vehicles, the simulation of conventional and non-conventional vehicles is 
presented in the next chapter using computational tools. The software utilised during this 
study (ADVISOR) and its methodology will also be described. 
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3 ADVANCED VEHICLE SIMULATOR (ADVISOR) 
The Advanced Vehicle Simulator (ADVISOR) developed by the National Renewable Energy 
Laboratory is a software tool widely used for the simulation of hybrid and conventional 
vehicles. It operates in the MATLAB/SIMULINK visual block diagram-programming 
enviromnent. 
One of the primary uses of this simulation tool is for the investigation of vehicles with 
different power train configurations. ADVISOR can utilise a variety of custom and standard 
drive cycles. It can predict the fuel economy, emissions, acceleration, and grade sustainability 
of a given vehicle and plot or data log any number of intermediate and final values. 
ADVISOR is an analysis tool that uses basic physics and experimental maps to model 
existing or future vehicles. Its real power lies in its capability to predict the performance of 
vehicles with certain characteristics that have not yet been built. Several researchers have 
used and developed the software to study its functionality obtaining satisfactory results with 
regard to experimental measurements, which provides a solid background for ADVISOR 
simulations [109-113]. 
This chapter describes various examples of the use of ADVISOR as a computational tool for 
the investigation of conventional and non-conventional power trains. The simulation of a 
conventional vehicle, an electric vehicle, and a hybrid pneumatic vehicle is presented and 
discussed. 
The knowledge acquired from these analyses would be later used for the development of the 
computational model of the mechanical hybrid vehicle. 
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3.1 ADVISOR architecture. 
The key equation in all ADVISOR simulation models is based on Newton's Second Law 
from which the net tractive force acting on a vehicle can be shown to be [73]: 
Fý mvgC, 4 +I 
PCDAEH V2 + m, a+m, g sin(O) 2 
where: 
F tractive force requested at the wheels of the vehicle 
M, mass of the vehicle 
9 local acceleration of gravity 
C', coefficient of rolling resistance between the wheels and the road surface 
P density of the ambient air 
CD coefficient of aerodynamic drag of the vehicle in the direction of travel 
AVEH frontal cross-sectional area of the vehicle 
* magnitude of the speed of the vehicle in the direction of travel 
* acceleration of the vehicle 
0 angle of inclination of the road surface upon which the vehicle is travelling 
(3.1) 
At each discrete time step, ADVISOR calculates the energy demanded at the driven wheels of 
the vehicle based on a pre-determined vehicle velocity profile. It then determines the amount 
of input energy requested by each component to meet the energy requirement at the wheels. 
The structure used for an electric vehicle is shown in block diagram forrn in Figure 3.1. 
Figure 3.1. SIMULINK model of an electric vehicle in ADVISOR. 
The above figure represents an electric vehicle's drive train using components from 
ADVISOR. Most blocks have two inputs and two outputs. Each block passes and transforms 
a torque and speed request, and each block also passes an achievable or actual torque and 
speed. 
The top arrows, feeding left-to-right, are the torque and speed requests. The drive cycle 
requests a given speed and, each block between the drive cycle and the torque provider -in 
this case the motor- then computes its required input given its demanded output. This is done 
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N. ---EV HC. CO. NO. (9/1) 
by applying losses, speed reductions or multiplications as well as performance limits for each 
particular component. A flowchart for the calculation of torque and speed at the power train 
of an electric vehicle is shown in Figure 3.2. It presents the most important calculations done 
in each SIMULINK block (Figure 3.1). 
Block dAve cycle. Determination of average speed and acceleration for velucle during current 
time step taking into account speed requested from drive cycle and speed of previous time step. 
V 
Block vehicle. Calculation of net tractive force acting on vehicle with eqwition (3-1). Tlýiis force 
takes into account physical characteristics of the vehicle and velocity proffie requested. 
i 
Block wlteelvid -x-dP. Calculation of torque and speed atwheels taking into account permissible 
torque transmission frornwheels to road and radius of wheels. 
Block final (h-h-e. Calculation of torque and speed at final drive taking into account losses and 
gear ratio of final drive. 
Block gewbox. Calculation of torque and speed at gearbox taking into account losses and gear 
ratio. TIms ratio is constant for the electric velucle model. 
Block inotorvonwolbr. Calculation of torque and speed at electric motor taking into account 
operating conditions (in parLcular torque achievable). 
Block eli? ctilc acc loads. Any additional electric load is included before requesting total power 
to batteries. 
Block power bus. The power of any generator being part of the power train is accounted here 
for io ower demand 
Block eneiV stai-, W. Calculation of acl-ýievable power supply or storage at battenes taking into 
account operating conditions (in particular current, voltage and state of charge). 
Figure 3.2. Flowchart for the simulation of an electric vehicle in ADVISOR as shown in Figure 3. I. 
At each discrete time step, ADVISOR determines the achievable vehicle speed from the 
desired trip profile, after taking account of diverse mechanical effects such as losses, current 
reduction ratios, engine and/or motor limits, among others. Figure 3.3 displays a visual 
example of the calculations realised with ADVISOR during a time step for a conventional 
vehicle. 
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Figure 3.3. Example of the simulation of a conventional vehicle in ADVISOR displaying the power flow along the 
power train during an acceleration period. 
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It shows the numerical values for torque, speed and power calculated at the output of the 
wheels, final drive, gearbox and engine during a typical acceleration. The calculation of the 
torque and the speed in the power train follows the flowchart shown in Figure 3.4. Because 
each SIMULINK block has a unique purpose, the same description is given for those 
SIMULINK blocks also existing in the electric vehicle model (Figure 3.2). 
Block chive cycle. Determination of average speed and acceleration for vehicle during current 
time step taking into ac c ount sp eed requested from drive cycle and sp eed of previous time step. 
B lo ck -* ehicke. Calculation ofn et tractive forc e acting on vehicle with eqwk tion (3.1). This fcrc e 
takes into account physical characteristics of the vehicle and velocity profile requested. 
Blockwheel awl w-de. Calculation of torqueand speed atwheels taking into account penrissible 
torque transmission fromwheels to road and radius ofwheels. 
Block fhud chive. Calculation of torque and speed at final drive taking into account losses and 
gear ratio of final drive. 
Block genibox Calculation of torque and speed at gearboxtaking into accountlosses and current 
gear ratio. The gear for the transmission is calculated in the control stratepv block <vc>. 
Block clutch. Calculation of torque and speed at clutch taking into account losses and clutch I 
sp eed ratio. The sp eed ratio is calculated in the c ontrol strategy blo ck <vc >. 
Block MechwAc; d Accessory Loids. Any additional mechanical load is included before I 
reciuesting total vower to engine. 
B lo ck fuel coinvrter. Calculation of torque and sp eed at engine taking into ac c ount op erating 
conditions (in varticular toraue achievable). 
Block exlinmt s3s. Calculation of emissions expelled to environment taking into account I 
catalytic convexter operating conditions (in particular temperature). 
j 
Figure 3.4. Flowchart for the simulation in ADVISOR of a conventional vehicle as shown in Figure 3.3. 
The calculation of the torque taking into account the loss torque within each component is 
evident when the power required at each point is examined in Figure 3.3. The same 
calculation is repeated at each time step. 
Finally, the vehicle block computes the vehicle's actual speed given the tractive force and 
speed limit it receives, and uses this speed to compute acceleration for the next time step. 
Subsequently, the program advances in time through the duration of the drive cycle 
performing the calculations for each time step [114]. 
Different components for the vehicle can be selected or modified to set new values 
established by the user. ADVISOR has pre-established sets of data for these that can be scaled 
up or down. Additionally, maps can be included in the library of ADVISOR to simulate a 
particular vehicle. From the drive train 'popup' menu, diverse power train configurations can 
be selected, including: conventional, pure electric, series and parallel hybrid. 
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A particular drive cycle to be used during the simulation can be set up. It consists of a graph 
of time versus speed of the vehicle with the possibility to include the height of the road. 
Different drive cycles can be selected from a list or a new one can be created. 
The outputs from ADVISOR are in the form of vectors. They can be analysed and displayed 
using any software able to manage vectors and graphs, for example MATLAB or Excel. 
Various examples of simulations in ADVISOR are shown in the next section. 
3.2 Simulation of automotive vehicles using ADVISOR 
This section describes simulations carried out with ADVISOR. The main purpose was to 
improve the understanding of the software and the operational topology and performance of 
conventional and non-conventional vehicles. 
3.2.1 Simulation of a conventional vehicle 
The results of a conventional vehicle simulation are presented in this section. The model 
created in ADVISOR is described and results of the simulation are compared with 
experimental measurements taken whilst the vehicle was driven on a chassis dynamometer. 
The objective of this study was to assess the capabilities of ADVISOR in the simulation of a 
conventional vehicle when driven on a specific drive cycle, with particular interest given to 
the emissions expelled from the engine and fuel consumption. 
This section was based in results reported by North [ 115,116], member of The Centre for 
Transport Studies at the Imperial College, London. 
3. ZI. I The vehicle and tests 
As part of a doctoral degree program, North is conducting an investigation into vehicular 
emissions. He carried out a series of tests to measure on-line the emissions expelled by a 
medium size vehicle whilst being driven on a dynamometer. The vehicle utilised for the tests 
was a 1999 model year Ford Focus Estate with a 1.81, turbo diesel engine, direct injection, 
exhaust gas re-circulation, diesel oxidation catalyst, shown in Figure 3.5. Among others, HC 
and CO emissions resulting from the corýibustion of the fuel during engine operation were 
measured on-line with two portable emissions monitoring devices: a Clean Air Technologies 
OEM 2100 Montana and a prototype Vehicle Performance and Emissions Monitoring System 
(VPEMS) device developed at Imperial College London [116]. Additionally, fuel 
consumption, vehicle speed, clutch operation and gear number were also measured on-line 
from the vehicle computer whilst the vehicle was driven. 
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Figure 3.5. Photograph of the Focus Estate vehicle, Imperial College, London. 
The vehicle was driven on three occasions following the standard USA regulatory test 
Highway Federal Emissions Test (HWFET). The results presented correspond to the second 
segment in a sequence of two, which means that the engine was fully hot before these data 
were collected. 
The drive cycle, HC and CO emissions and fuel consumption measured from the first test are 
presented in Figure 3.6. These results were used as the reference for the creation of the engine 
maps for the Focus Estate in ADVISOR and the results from the other two tests were used for 
validation purposes. 
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Figure 3.6. Experimental measurements of (a) vehicle speed, (b) fuel rate, (c) IIC rate, and (d) CO rate of the 
Focus Estate during Test 1. 
3. Z1.2 The conventional vehicle model 
An existing conventional model was modified to develop the ADVISOR model for this 
particular vehicle. The main parameters of the existing vehicle model were adjusted to match 
those for the Focus Estate, summarised in Table 3.1. 
I CO rate experimental 
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Table 3.1. Main parameters for Focus Estate vehicle. 
Description I Conventional vehicle Units 
Gross vehicle mass 1441 kg 
Load mass 70 kg 
Frontal area 2.06 m2 
Radius of wheels 0.282 in 
Friction coefficient 0.009 
Drag coefficient 0.3120 
Transmission ratio 3.25/1.99/1.14/0.77/0.60 
Final drive ratio 3.84 
Maximum engine speed 4400 rpm 
Maximum engine power 65 @4400rpm kW 
Maximum engine torque 184 Ca, 2000rpm Nm 
3.21.3 The engine model 
ADVISOR calculates the emissions and fuel consumption of the engine by means of so-called 
steady state maps that correlate the emissions and fuel consumption with the torque and the 
speed requested at the engine. Given that emission and fuel consumption maps for this engine 
were not available, existing maps from an engine with similar power rating were included in 
the model for this analysis, shown in Figure 3.7. These existing maps were called 'reference 
maps'. 
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Figure 3.7. Torque versus speed engine maps from FCC167 engine model in ADVISOR: (a) I IC emission map 
(g/s), (b) CO emission map (g/s), and (c) fuel consumption map (g/s). 
The objective was to use existing maps as a reference to create new maps from the 
experimental results. 
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3. ZI. 4 Creation of experimental maps 
In this section, the development of the maps for the model is explained. Given that these maps 
are correlated to the speed and torque at the engine and the experimental data available did 
not include the engine torque, this was then estimated using ADVISOR (for example, see 
Figure 3.3). To map the torque of the engine in the model to that of the actual engine, it was 
necessary to correlate the vehicle and engine speed to that experimentally measured without 
violating the gear ratio from the standard transmission. In a typical condition, the gear ratio is 
determined in ADVISOR based on a control strategy that emulates the changing of gears of 
the driver. However, to correctly match the engine speed to the experimental values, the 
control strategy in ADVISOR was by-passed to operate the transmission as it was actually 
operated by the driver. Figure 3.8 shows the vehicle and engine speed simulated and the 
numerical difference between them, which presented a close correlation with the experimental 
values for virtually the entire cycle. 
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Figure 3.8. Comparison of experimental (continuous line) and simulated (dots) vehicle and engine speed - Focus 
Estate. (a) [Top] Comparison and [Bottom] difference between experimental and simulated vehicle speed; (b) 
[Top] comparison and [Bottom] difference between experimental and simulated engine speed. 
Once the vehicle and engine speeds were calculated and matched to the experimental values, 
the calculation of the engine torque could be derived from the torque at the wheels. As seen in 
Figure 3.7, the torque and rotational speed of the engine were required in order to determine 
emissions and fuel consumption from the steady state maps. A comparison of the 
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experimental results with a simulation with the reference ADVISOR emissions maps is 
displayed in Figure 3.9. The fuel rate and CO emission were relatively close to the 
experimental values range but for the HC a much greater deviation was found. It was clear 
that the initial maps used directly from the ADVISOR library did not reflect the experimental 
measurements. Thus it was decided that the maps for the emissions and fuel consumption had 
to be created from the experimental results. 
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Figure 3.9. Comparison of experimental (continuous line) and simulated (dashed line) data for (a) IIC rate, (b) CO 
rate and (c) fuel rate. The reference maps for the Focus Estate engine were used in these simulations. 
Figure 3.10 displays the operating points of the engine during this drive cycle overlapped on 
the initial maps used (the reference maps), and below it shows the maps created from the 
emissions as measured experimentally. It is evident that the maps created cover only the 
region in which the engine operates. However, for ADVISOR to function, it requires maps in 
the format of square matrices. Effectively this means that data must be available for all values 
of speed and torque, regardless of whether or not the engine runs in these regions. To 
overcome this difficulty, the regions that did not have information were filled with the 
information taken from the reference maps but multiplied by a constant. In these regions, the 
CO reference map was multiplied by a constant of 0.5, and the HC reference map was 
multiplied by a constant of 20. The complete experimental maps are shown in Figure 3.11. 
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Figure 3.10. Torque versus speed emissions maps (g/sec) showing the range in which the experimental data was 
obtained - Focus Estate. (a) [Top] Operating points overlapped on HC emission reference map, [Bottom] IlC 
emission map created from experimental data, and (b) [Top] operating points overlapped on CO emission 
reference map, [Bottom] CO emission map created from experimental data. 
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Figure 3.11. Torque versus speed final experimental maps for emissions (g/sec) - Focus Estate. (a) FIC emission 
map, and (b) CO emission map. 
Using similar methods the map calculation for the fuel consumption was derived and is 
shown in Figure 3.12. Unlike the emissions maps, in this case the pattern shown by the 
experimental map was similar to that of the reference map. It was thus reasoned that in this 
case the same reference map multiplied by 0.7 could be used for the simulation. 
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Figure 3.12. Torque versus speed map for fuel consumption (g/sec) showing the range in which the experimental 
data was obtained - Focus Estate. (a) Operating points overlapped on reference map, and (b) fuel consumption map 
created from experimental data. 
The fuel rate maps finally used for the simulations is shown in Figure 3.13. Additionally, the 
map initially created with the experimental values combined with the reference map is shown 
to illustrate the clear correlation existing between the experimental values and the scaled- 
down reference map. 
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Figure 3.13. Torque versus speed experimental maps for fuel consumption (g/sec) - Focus Estate. (a) Complete 
map initially calculated from experimental data, and (b) final fuel consumption map. 
With the development of the experimental maps it was possible to continue with the 
simulation and analysis of the results. 
3. ZI. 5 Comparison with experimental results and discussion 
The results of the total emissions and fuel consumption per kilometre calculated from the 
simulation of the vehicle being driven in the Test I with the experimental maps (see Figure 
3.11 and Figure 3.13) is summarised in Table 3.2(a). Since the maps were developed with the 
experimental results of this drive cycle, the simulated and experimental results are, not 
surprisingly, close. However, when Test 2 and 3 are inspected in Table 3.2, it is evident that 
the only value that is consistently simulated within a close correlation is the fuel consumption 
due to a great extent to the correlation between fuel consumption and power demand and the 
less effect caused by transients. Emissions were found to be influenced by other effects, such 
as operating conditions and transients. Evidence of this is shown in Figure 3.14 that displays 
the experimental measurements of emissions for the three tests. 
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Table 3.2. Results of simulated and experimental results 
a) Test 1. 
Consumption Experimental Simulated Diff [Yo] 
HC [gr/km] 0.2430 0.2263 6.86 
CO [gr/km] 0.0190 0.0203 -7.10 
Fuel [mpg] 80.39 80.60 0.26 
b) Test 2. 
Consumption Experimental Simulated Diff [? Io] 
HC [gr/km] 0.2166 0.2242 -3.53 
CO [gr/km] 0.0156 0.0206 -31.95 
Fuel [mpg] 80.96 82.23 1.55 
c Test 3. 
I Consumption Experimental Simulated Diff [Yol 
HC [gr/km] 0.1935 0.2272 -17.44 
CO [gr/km] 0.0172 0.0203 -18.22 
Fuel [mpg] 80.95 81.86 1.11 
When Figure 3.14 is analysed, it can be seen that the major discrepancy within the results 
occurred when the vehicle was required to accelerate or decelerate. These results suggest that 
transients play a major role in the emissions of a vehicle. 
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Figure 3.14. Comparison of (a) CO and (b) HC emissions experimentally measured from Focus Estate as it was 
driven following (c) the drive cycle. 
The conclusion of this study is that the structure of ADVISOR is adequate for conducting 
studies into engine-based automotive power trains, particularly for the analysis of fuel 
consumption. It is because fuel consumption is closely related to the power requested at the 
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final drive, which is calculated to a relatively high degree of accuracy using the equation of 
solid-body motion (see equation (3.1)). Regarding the emissions, it is concluded that the 
steady state maps from ADVISOR do not accurately reflect transients and other effects from 
the engine and catalytic converter. However, more studies are required to accurately estimate 
the effects of these conditions to incorporate them either in the ADVISOR model or map, or 
both. 
3.2.2 Simulation of an electric vehicle 
In this section, the development of an ADVISOR model for an electric vehicle built at The 
National Autonomous University of Mexico (Universidad Nacional Autonoma de Mexico, 
UNAM) is presented. The objective of this study was to gain experience in the development 
of electric vehicle models in ADVISOR and to assess its capability to simulate the 
performance of electric and mechanical components. 
This section was based in results reported by Flores [ 117], member of The Engineering 
Institute (Instituto de Ingenieria) at the UNAM. 
3. ZZI The electric vehicle 
The Engineering Institute at the UNAM converted a conventional Volkswagen sedan into an 
electric vehicle, called Electric Volts Wagen (Electric VW), shown in Figure 3.15. 
Figure 3.15. Photograph of the Electric VW from the UNAM. 
To achieve the conversion of this vehicle the engine was removed and a9 kW pen-nanent 
magnet motor was installed in its place to propel the vehicle. A transmission with a constant 
ratio replaced the existing gearbox and 12 Trojan T-875 lead-acid deep cycle batteries 
connected in series were located on the vehicle to provide power to the motor. The main 
characteristics of the battery used are shown in Table 3.3. 
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Table 3.3. Main characteristics of battery Trojan T-875. 
Description I Value Units 
Nominal voltage 8 Volts 
Ah 5 hour rate 139 Ah 
Ah 20 hour rate 165 Ah 
Ah 100 hour rate 184 Ah 
Mass 29 kg 
Life cycles 650 cycles 
The speed of the vehicle depends on the speed of the motor. A PWM (pulse width 
modulation) controller is used to set the current to be sent to the motor, whose value is 
determined from the acceleration pedal position, to achieve a particular speed. Given that the 
Electric VW does not have regenerative energy capabilities, conventional brakes are always 
used when the vehicle is required to slow down. The UNAM Engineering Institute conducted 
a series of dynamic tests on the batteries by withdrawing energy from them using a motor as a 
load driving against an electric dynamometer. In addition, tests were carried out with the 
batteries installed on the Electric VW during city driving. The results reported by Flores [117] 
are the foundation for the electric vehicle and batteries models developed in this research for 
use in ADVISOF, whose main characteristics are explained in the next sections. 
3. ZZ2 Electric vehicle model 
In a similar way to the model for a conventional vehicle, MATLAB files containing input 
information for the simulation of the vehicle were created to run ADVISOR. An existing 
electric vehicle model was modified to include the estimated physical characteristics of the 
Electric VW into the model. The important attributes of this vehicle are presented in Table 
3.4. 
Table 3.4. Main values for the simulation of the Electric VW. 
Description Value Units 
Gross vehicle mass 973 kg 
Mass of battery pack 348 kg 
Frontal area 1.9575 M2 
Friction coefficient 0.012 
Aerodynamic drag coefficient 0.370 
Transmission ratio 2.00 
Final drive ratio 4.12 
Maximum speed 67 km/hr 
Motor power 9 kW 
Radius of wheels 0.282 M 
Nominal voltage battery pack 96 V 
Maximum motor efficiency 0.91 
Regenerative capabilities 0 % 
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An existing electric motor file was modified to suit the power rate of the Electric VW motor. 
The efficiency map for the motor is shown in Figure 3.16. 
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Figure 3.16. Efficiency map for the motor of the Electric VW model. (a) Torque versus speed view for efficiency 
map, and (b) 3D view for efficiency map. 
3.2.23 Battery model 
Once the electric vehicle model was integrated in ADVISOR, experimental maps for the 
Trojan T-875 batteries were developed from dynamic tests [117]. The ADVISOR 
mathematical method used in this work is based on an internal resistance model. ADVISOR 
simulates the dynamic changes that occur in a lead-acid battery during operation by relating 
the internal resistance of the battery, the voltage at open circuit (VOC) and the state of charge. 
Variations in battery performance are simulated with this method as energy is withdrawn or 
fed into the battery. For example, Figure 3.17 shows values of current and voltage obtained 
from the battery pack during a dynamometer test. At the beginning of the test the battery set 
was fully charged and energy was intermittently extracted as seen from the current demand. 
As current was demanded from the batteries, the voltage simultaneously reduced, followed by 
a stabilisation when the demand stopped. It is noted that as the test was ongoing more 
dramatic drops were seen during load periods and the subsequent stabilisation of the voltage 
was achieved at lower levels. 
These two characteristics are simulated in ADVISOR by relating the internal resistance of the 
battery with the VOC, and the VOC with the SOC, which in turn Is related to the amperes- 
hour (Ali) consumed during the test. 
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Figure 3.17. Dynamometer test on Electric VW battery pack reported by Flores [117]. 
Based on the results of dynamometer tests conducted on the set of batteries, the relations 
VOC versus SOC and VOC versus internal resistance of the battery Trojan T-875 were 
determined, shown in Figure 3.18, following the procedure indicated by NREL [ 118]. 
Figure 3.18(a) correlates the VOC at the terminals of the battery with the current SOC. Once 
the VOC of the battery is determined, an equivalent internal resistance is found from Figure 
3.18(b) needed for calculation of the voltage discharge that would occur in the battery during 
a power charge or discharge. 
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Figure 3.18. Maps for lead-acid battery Trojan T-875 model correlating (a) Voltage at Open circuit versus SOC, 
and (b) Internal Resistance versus VOC. 
Figure 3.19 shows the voltage from the simulation of the battery pack with the battery set. 
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Figure 3.19. Comparison of experimental (continuous line) and simulated (dashed line) voltage for Electric VW 
battery pack. 
inspection of this figure indicates that an excellent correlation was found between the 
experimental voltage measured and the ADVISOR simulation. However, this internal 
resistance model does not simulate the gradual stabilization of voltage after a current demand 
in the battery, which is related with time constants associated with the diffusion of materials 
and chemical reactions [117]. 
The energy contained in the battery is accounted by means of the integration of the current 
along time as Ah. Thus a good modelling of the current through the batteries is also required. 
Figure 3.20 shows the experimental current during the test and the differences found as 
compared with the simulation using ADVISOR. 
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Figure 3.20. Difference of experimental and simulated current for the Electric VW battery pack during 
dynamometer test. [Top] Experimental current, and [Bottom] difference between experimental and simulated 
current. 
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The current withdrawn for each load demand stayed within the 50-69 A range, and the 
maximum difference found was 2.5 A (5% max), which indicates an excellent agreement 
between the experimental results and the simulation. The higher differences found near the 
end of the test indicates that the internal resistance values found from Figure 3.18(b) do not 
accurately represent the chemical behaviour at low SOC. 
The good correlation seen in Figure 3.20 is corroborated when experimental and 
computational Ah values are compared. Table 3.5 presents the total energy consumed in this 
test, including two additional tests conducted in the battery demanding a similar averaged 
value of current peaks. 
Table 3.5. Experimental and simulated energy for battery Trojan T-85 (averaged per battery). 
Average A Experimental Ah Simulated [n] diff (0/, ) 
current 
59 Amp 156.77 [1225] 156.76 [1226] 0.006 
60 Amp 157.93 [1233] 158.14 [1233] 0.15 
61 Amp 1 156.71 [1225] 157.08 [1226] 0.26 
These results suggest that under this steady state conditions, the internal resistance model 
existing in ADVISOR is reliable and can be used with confidence to predict battery 
behaviour. In the next section the simulation results for real driving conditions will be 
discussed. 
3. ZZ4 Comparison with experimental results and discussion 
The Electric VW was driven on three different routes, shown in Figure 3.21, whilst voltage 
and current were measured. 
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Figure 3.21. Drive cycles measured during tests of the Electric VW in Mexico City as reported by Flores [1171. 
(a) Test 1, (b) test 2, and (c) test 3. 
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These tests were conducted with the Electric VW being driven in Mexico City streets, whose 
main characteristics are surnmarised in Table 3.6. 
Table 3.6. Experimental drive cycles for the Electric VW. 
Parameter Test 1 Test 2 Test 3 
Distance (km) 10.55 14.35 60.73 
Duration (hr) . 86 . 87 2.83 
Maximum speed (km/h) 48.28 61.63 65.94 
Average speed (km/h) 12.17 16.57 21.39 
Maximum acceleration (m/seC2) 1.42 1.38 1.64 
Maximum deceleration (m/sec 2) -2.63 -2.62 -3.94 
Average acceleration (m/seC2) 0.35 0.34 0.36 
Average deceleration (m/seC2) -. 50 -. 48 -. 54 
The intention of this simulation was to assess the capability of ADVISOR in accurately 
predicting electric vehicle operation and, in particularly, battery performance based on the 
vehicle and battery models described in sections 3.2.2.2 and 3.2.2.3. This requires not only 
having correct models for the mechanical and electrical components but also precise 
information concerning the input values for the simulation. Unfortunately, during these tests 
no information apart of speed, voltage and current was recorded, and therefore valuable 
information, such as road gradient, was not known. The occurrence of hills during the drive 
cycle increases or reduces the level of power demanded to the batteries. Therefore, to 
compensate for this effect, the cargo load for the vehicle model was adjusted once in relation 
to the power consumption measured. The objective was to provide a more reasonable 
comparison of the ADVISOR battery model by demanding a similar amount of electrical 
power from the simulation and the tests. Table 3.7 shows the total weight of the Electric VW 
and the battery energy measured and simulated from the tests. 
Table 3.7. Total weight load and energy consumed for Electric VW tests. 
Test 
Cargo load 
Ikg7 
Total load 
[kg7 
Energy experimental 
[Mil 
Energy simulated 
[Mil 
Test 1 70 1391 6.684 6.682 
Test 2 196 1517 9.574 9.577 
Test 31 121 1442 40.594 40.590 
The values presented in Table 3.7 mean that the power differences between the experimental 
values and those simulated over the drive cycle would be negative or positive but would tend 
to average zero when accounting for the entire drive cycle. A comparison of the electric 
power demand of the Electric VW during a segment of the first test is shown in Figure 3.22. 
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Although some segments of the drive cycle showed discrepancies in measured and simulated 
motor power, the shape of the power demand shows a good correlation. It was thought that 
these discrepancies were most likely given by changes in gradient along the drive cycle as 
stated earlier. 
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Figure 3.22. Comparison of experimental (continuous line) and simulated (dashed line) power demand of electric 
VW. Vehicle speed (dots) is shown as reference for operation of electric vehicle. 
Once the power demand was determined, the performance of the batteries was assessed. To 
account for the initial energy contained in the batteries, the initial SOC was set according to 
the initial VOC measured in the batteries starting the test, as shown in Table 3.8. 
Table 3.8. Initial SOC for Electric VW tests. 
Test 
Initial VOC Initial VOCIbattery [VI Initial SOCfor simulation Battery set [V] 
Test 1 95.35 7.94 0.17 
Test 2 103.6 8.63 1.00 
Test 3 101.92 8.49 0.84 
When the simulation of battery behaviour was analysed, the reliability of this model under 
real drive behaviour could be assessed. Figure 3.23 shows the voltage and current behaviour 
simulated for the final segment of test 1. 
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Figure 3.23. Comparison of experimental (continuous line) and simulated (dashed line) measurements during final 
segment of Test I for (a) current and (b) voltage. 
The simulated current followed the energy demand to a reasonable degree but the voltage 
showed discrepancies, particularly its mean level where there appeared to be an offset. 
However, the voltage trace did follow the power demand. One problem with the battery 
model is that it considers the battery to have a constant capacity regardless of current demand 
changes. 
From the steady state test it was found that under a controlled current withdrawal, the 
battery's capacity remains practically constant, which is not true under real driving 
conditions. To account for this condition, more tests would be required on the batteries to 
allow the effect of battery capacity to be quantified during a stringent current demand of the 
type typically found during real drive cycles. 
These results suggest that the capacity of the battery is dynamically affected by the variations 
in current demand and this should be incorporated into the internal resistance model of 
ADVISOR to obtain more accurate results. The over-estimation of battery capacity with the 
information available for the model is confirmed when inspecting the results of the other two 
tests in Figure 3.24. It is clearly seen that the simulation of the voltage differs greatly from the 
experimental results, particularly towards the end of the Test 3, when the battery set was 
almost totally depleted. 
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Figure 3.24. Comparison of experimental (continuous line) and simulated (dashed line) voltage for (a) test 2 and 
(b) test 3. 
Table 3.9 shows the W-h consumed, the initial and final VOC and its equivalent SOC of the 
battery (from Figure 3.18(a)). 
Table 3.9. VOC, SOC and W-h for Electric VW simulation (per battery). 
Energy consumed Initial VOC final VOC 
Test Amp-hr [Equivalent SOC] [Equivalent SOC] [W-h] 
Experiment 22.22 7.94 7.56 [154.31 [0.171 [-0.121 
Test 1 
Simulation 21.68 same as 777 [154.681 experimental [0297 
28.99 8.63 8.10 Experiment [221.41 [1.00] [0.34] 
Test 2 27.95 same as &47 Simulation [221.687 experimental [0.817 
Experiment 129.88 
8.49 7.34 
[939.11 
_[0.841 
F-. 29] Test 3 125.27 same as 781 Simulation [939.607 experimental fO. 05] 
In all the cases, although the energy simulated was close to that consumed, the VOC predicted 
in the simulation was too optimistic for the real value. The negative equivalent SOC shown 
indicates that the battery set actually reached a VOC below the minimum established on the 
model (see Figure 3.18(a), thus indicating that the minimum VOC set in the model was too 
high for what was later found in the battery set. The VOC for the minimum state of charge is 
not easy to determine, because it might be reflecting the performance of a single battery, 
rather than the whole set. For example, in the series arrangement of the Electric VW, the 
minimum voltage of the battery set was caused by only one battery going below its minimum 
value, which caused the whole set to have a low total VOC [117]. The minimum and 
maximum values of VOC and SOC should be set in accordance with manufacturer 
information and experimental test data for each particular battery set. 
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The conclusion of this work was that more tests were required on the battery to construct a 
more detailed and accurate battery model, even though ADVISOR accurately estimated 
battery performance under a steady current withdrawal, it was not the case under real driving 
conditions. The energy discharge existing in batteries during real drive cycles is not easily 
replicated mathematically, so more complex models are required in ADVISOR to emulate the 
battery chemical process more realistically. Conversely, these results also suggest that 
ADVISOR is a useful computational tool to analyse dynamic power demands from vehicular 
usage. The power demand during a drive cycle can be easily determined from the 
characteristics of the vehicle and a defined drive cycle. 
3.2.3 Simulation of a hybrid hydro-pneumatic electric vehicle 
In this section, the development of an ADVISOR model for a third vehicle, a hybrid built at 
The Engineering Institute of UNAM is presented. 
The objective of this study was to gain experience of the development and implementation of 
SIMULINK blocks in ADVISOR and to acquire a good understanding of the operation and 
physics involved on the performance of hydro-pneumatic components for vehicular 
regenerative energy applications. 
This section was based in results reported by Gonzalez [119,120], member of The 
Engineering Institute at the UNAM. 
3. Z3.1 The hybrid vehicle 
The UNAM Engineering Institute developed and built an electric Passenger Bus called 
VEUNAM (Electric vehicle UNAM) and shown in Figure 3.25, which has a hydro-pneumatic 
system implemented [32,119,120], thus making it a hybrid vehicle that operates with an 
electrical and a hydro-pneumatic-based power source. Unlike most hybrid vehicles, which use 
conventional combustion engines for the primary energy source and electrical for the 
secondary, this Bus uses an electrical system as primary power source and a hydro-pneumatic 
system for secondary storage. The use of pneumatic storage was particularly suitable due to 
the large space available in the Bus and the highly congested driving routes found in Mexico 
city. 
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Figure 3.25. Photograph of the VEUNAM hybrid electric vehicle. 
The VEUNAM is a medium size Passenger Bus and it has installed 52 Trojan T-875 lead-acid 
deep cycle batteries, a 22 kW AC motor and a hydro-pneumatic system. This system utilises 
compressed nitrogen to assist the electric motor during acceleration or store energy during 
braking and combines regenerative with dissipative braking [32]. A tank containing nitrogen 
is interconnected to an accumulator operating with oil supplied by a fixed displacement 
hydraulic pump. This pump is driven by the vehicle via a mechanical connection to the final 
drive shaft. Because the pump operates in parallel with the electric motor, this hybrid system 
would be termed as a parallel hybrid. It is shown schematically in Figure 3.26. 
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Figure 3.26. Schematic diagram of the VEUNAM hybrid system. 
The control system of the VEUNAM is based on the use of a three-way valve that directs fuel 
in a particular direction determined by the force at the pedals. Depending on the power 
required and the amount of energy contained in the tank, oil is directed towards the tank to 
store energy or backwards to assist in the acceleration of the VEUNAM controlled by the 
three-way valve, shown in Figure 3.27. 
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Figure 3.27. VEUNAM control system diagram (Adaptedfrom Gonzalez ef aL [119]). 
The command to activate the three-way valve is determined by the force applied by the driver 
to the brake and acceleration pedals and the state of charge of the tank. If the hydro- 
pneumatic system is not able to store all the energy available then the difference is dissipated 
as heat by means of a conventional brake. 
3. Z3.2 The hybrid vehicle model 
The complete computational model of the VEUNAM is presented in Figure 3.28. An existing 
electric vehicle model was modified to include the model of the hydro-pneumatic system. A 
flowchart for the calculation of the VEUNAM power flow is shown in Figure 3.29. It displays 
the most important calculations conducted on each SIMULINK block. 
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Figure 3.28. Complete ADVISOR model for the VELNAM. 
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Block drive cycle. Determination of average speed and acceleration for vehicle during current time 
step taking into account speed requested from drive cycle and speed of previous time step. 
Block velAcle. Calculation of net tractive force acting on vehicle with eqwition (3.1). This force 
takes into account physical characteristics of the vehicle and velocity profile requested. 
Block wheel and : W6. Calculation of torque and speed atwheels taking into account permissible 
torque trmsmis sion from wheels to road and radius of wheels. 
Block Mud &-tve. Calculation of torque and speed at final drive taking into account losses and gear 
ratio of final drive. 
Block gembox. Calculation of torque and speed at gearbox taking into account losses and gear ratio. 
This ratio is constant for the VEUNAM 
Block hydro-pnemnnticsystein. Torque available from hydro-pneumatic Mtem. is loaded (see 
section 3.2.3.6 for calculation of torque). The difference in torque between final drive and hydro- 
pneumatic system is requested to motor or conventional brakes. 
Block rnotor/conti-oll-r. Calculation of torque and speed at electric motor taking into account I 
operating conditions (in particular torque achievable). 
Block el-cuic acc loads. Any additional electric load is included before requesting total power to 
k power bus. The power from any generator being part of the power b-ain is accounted here 
before demanding power to batteries. 
Block eileiW stonagge. Calculation of achievable power supply or storage at batteries taking into 
account operating conditions (in particular cixrent, voltage and state of charge). 
Figure 3.29. Flowchart for the simulation of the VEUNAM in ADVISOR. 
The calculation of the torque at the hydro-pneumatic system (see block power distribution in 
Figure 3.29) will be explained in section 3.2.3.6. 
3. Z3.3 Electric Vehicle model 
The integration of the vehicle model in ADVISOR was achieved by modifying an existing 
electric vehicle model and an existing bus model. The vehicle modelled in ADVISOR was set 
according to the main physical characteristics of the VEUNAM, as detailed in Table 3.10. 
Table 3.10. Main parameters for VEUNAM model. 
Description I Value Units 
Gross vehicle mass 5236 kg 
Frontal area 7.24 in 
2 
Friction coefficient 0.0149 
Aerodynamic drag coefficient 0.79 
Transmission ratio 3.17 
Final drive ratio 5.13 
Maximum speed 73.02 km/hr 
Motor power 22 kW 
Radius of wheels 0.42 M 
Maximum motor efficiency 0.90 % 
Regenerative capabilities 0 % 
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As for earlier electric vehicles, the motor map was created from an existing electric motor in 
ADVISOR, shown in Figure 3.30. 
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Figure 3.30. Electric motor efficiency map for the VELTNAM model. (a) Torque versus speed view for efficiency 
map and (b) 3D view for efficiency map. 
3.23.4 Battery model 
Given that the batteries used in the VELTNAM are Trojan T-875 lead-acid deep cycle 
batteries, which are of the same type as those used in the Electric VW, the same battery model 
was used for this vehicle (see section 3.2.2). 
3.23.5 Hydro-pneumatic system model 
The hydro-pneumatic system operates based on the performance of a fixed displacement 
hydraulic pump/motor, a hydrogen tank and a hydraulic accumulator. A 50-litre tank is 
interconnected to an accumulator with a capacity of 18 litres, as schematically shown in 
Figure 3.31. This gives a maximum volume of 68 litres when the pneumatic system is 
discharged, and a minimum volume of 50 litres when the accumulator is fully charged. The 
pump, which is controlled by the rotational speed of the pump and has a capacity of 0.018 
Lt/rev, provides the flow rate directed to or from the accumulator with: 
QPUMP ý 
0.0 18 * O)PUMP * 77v,, t 
- pu. p 
(3.2) 
2z 
in which Qpump = flow rate, wpump , ? lv,, l-PU,, P = speed and volumetric efficiency of the pump, 
and o, )pup = rotational speed of the pump. 
Since the pump and the motor are connected to the same shaft, the torque (Tj'umj') and speed at 
the pump are given by: 
O)pump " OG8 (3.3) -ý C 
Tp. 
mp ý 
TGB 
(3.4) 
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where TGB coGB = Torque and speed at gearbox (gearbox block in Figure 3.28 and Figure 
3.29). 
When the system is activated during braking, the pump directs oil to the accumulator at a rate 
proportional to the speed of the vehicle and this causes compression of the nitrogen inside the 
accumulator and tank. The accumulator is connected to the tank by means of a pipe of a 
relatively small diameter (see Figure 3.3 1), which influences the pressure levels in the 
accumulator and tank for a given oil flow. 
Interconnecting pipe 
gen Olt nitro 
3 
Accumuýa-tor Tank 
Figure 3.31. Schematic diagram of the accumulator and tank interconnection. 
From the experimental measurements it was found that a dramatic pressure reduction 
occurred after the test for certain tests as shown in Figure 3.32. Although it was not clear that 
the interconnecting pipe contributed to this effect, it was thought that the main reason was a 
transipnt effect caused by the sudden reduction in diameter. 
0 
U 
CL 
Figure 3.32. Regenerative braking test of the VEUNAM using the hydro-pneumatic system showing a sudden 
decrease in pressure due to the restriction. 
Various attempts were made in the development of a mathematical model capable of 
simulating the thermodynamics of this system but these were not able to faithfully capture the 
high complexity of the system. In particular, the use of basic thermodynamic equations for 
open systems was inadequate in simulating the effects of this pipe. It was then realised that 
the only way forward was to use a simplified model of the hydro-pneumatic system without 
the interconnecting pipe in order to continue the analysis. It was then considered that the 
accumulator and the tank were directly interconnected for the development of the model, 
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whose results are presented in the next sections. The accumulator and the tank together were 
termed the reservoir. 
3.2.3.5.1 The reservoir model 
As mentioned before, the hydro-pneumatic system operates based on the compression and 
expansion of nitrogen in a reservoir by means of a pump. The volumetric changes in the 
reservoir leads to changes in the pressure and temperature of the nitrogen, as power is added 
or withdrawn from the system. The temperature difference between the inner gas and the 
surroundings also causes heat transfer, which must be taken into account. To simulate these 
effects, the methodology proposed by Otis and Pourmovahed [121] was followed. This 
methodology is based in the Benedict-Webb-Rubin (BWR) equation and is explained as 
follows. 
The first law of thermodynamics for a closed system such as the reservoir/accumulator 
dictates that' 
mlý4-jk (3.5) 
where m and u are the mass and specific internal energy of the nitrogen. The convective heat 
transfer between the nitrogen and the surface of the reservoir was approximated by a single 
time constant model with: 
mC, (T,., f - T) /r (3.6) 
where C, is the specific heat of the nitrogen, T,,,, f is the temperature of the surface (considered 
to be ambient for this analysis), T is the temperature of the nitrogen. The then-nal constant -c is 
determined experimentally or analytically. 
The rate of work conducted by or on the piston is: 
Tk = (3.7) 
where p and V are the pressure and volume in the reservoir. The differential of volume is 
calculated from the known flow from the pump. 
The equation describing the thermodynamics of the gas is: 
Lp 
du = C, dT + [T(jc-) - p]dv (3.8) U' 
Therefore, the energy equation can be written as: 
. T,, rf -TT, ap 
C, aT (3.9) 
'A dot above the variable symbol denotes a differential with respect of time 
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The p-v-T relation of the gas is related with the BWR equation. 
p -: 
ý'-T 
+ (BOR T-A _Ll )/V2 +(bR T-a)lv'+... 
v90T29 
... +actlv 
6+ ico +r /V2 )e _ y, ,2 ]1v3T 2 
where Rg is the ideal gas constant. The constants for this equation are presented in Appendix 
A. 
and finally, differentiation of (3.10) and substitution into (3.9) leads to: 
T -T IgT(I+ b1 -1. (3.11) Lco)- 2c (, +-L e V2 T+ 2322 
T Cv v V2 
+ 
V2 
(BoRgý 
TvTv 
This equation was numerically integrated given the volumetric flow at each time step 
following a version of Runge-Kutta adapted by White [122]. 
The value for C, was computed and corrected for higher pressures at each time step as 
described in Appendix A. 
Further details of the algorithm can be found in [ 12 1 ]. 
This methodology was implemented in a SIMULINK model. The objective was to produce a 
model for ADVISOR able to simulate the performance of nitrogen in a reservoir subject to 
volumetric changes by effect of a hydraulic accumulator. 
This model was validated by running a simulation with the parameters presented in [ 12 1] and 
comparing the results with those reported for an expansion process with constant piston 
velocity. An excellent agreement was found as seen in Figure 3.33. 
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Figure 3.33. Validation of SIMULINK model for the reservoir by comparing (a) results reported by Otis and 
Pourmovahed with (b) results calculated with SIMULINK model (Illustration (a)from Otis and Pourmovahed 
[121]). 
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As stated previously, the gas used in the experiments and model in [121] was nitrogen, 
therefore the same constants were maintained for the simulation of the VEUNAM tests. 
3.2.3.5.2 Comparison of model with experimental results and discussion 
The analysis of the operation of the reservoir model was achieved by simulating the tests 
carried out on the VEUNAM system by Gonzalez [119,120]. Measurements of speed and 
pressure in the accumulator were conducted in four tests, shown in Figure 3.34, as the system 
was activated for braking. When the valve was activated, oil was pumped into the reservoir 
allowing storage of energy causing an increase of pressure in the tank. As can be seen from 
the figure, no measurements of temperature were available from these tests. 
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Figure 3.34. Experimental results reported by Gonzalez [119) during braking with the VEUNAM. (a) Test 1, (b) 
test 2, (c) test 3, and (d) test 4. 
The oil flow during the test was set as an input for the Reservoir model. The oil flow entering 
the reservoir was calculated with equations (3.2) and (3-3) considering a 0.90 volumetric 
efficiency for the pump. 
The initial values for each test in the reservoir are presented in Table 3.11. The temperature of 
the surroundings was set in all cases to an ambient temperature (25 C, 298.15 K). Although 
this information was not available, it was estimated from the experimental measurements of 
(b) 
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Time (second) 
Time (second) 
pressure and speed and from verbal exchange with the researchers at UNAM who conducted 
the tests. 
Tesl 
Test 1 
Test 2 
Test 3 
Test 4 
Table 3.11. Initial values for simulation of VEUNAM reservoir tests. 
tI Volume [atm] Temperature [K] Pressure [atm] 
68 298 126.36 
68 297.15 79.95 
68 303 66.54 
68 295.15 82.78 
Figure 3.35(a) displays the results for the simulation of test I where the curve labelled 'Gas 
with heat losses' closely predicts the measured experimental behaviour. The subsequent 
reduction in pressure is caused by a reduction in the temperature resulting from heat transfer 
to the reservoir surroundings. 
As evident from Figure 3.35(b), the temperature gradually tends to equalize to that of the 
reservoir surroundings. It was found that the value for the time constant of 10 seconds in 
equation (3.6) resulted in a faithful prediction of the rate of pressure drop after the 
compression. Should the reservoir have been thermally isolated, with no heat leaving or 
entering the reservoir, the system would have tended to behave in the way labelled as 'gas 
adiabatic'. 
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Figure 3.35. (a) Comparison of experimental and simulated pressure in reservoir during Test I (adiabatic 
performance is shown as reference) and (b) comparison of adiabatic and not-adiabatic performance of temperature 
in reservoir during Test I (No experimental measurement of temperature was available). 
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This behaviour can be further understood by analysing the energy rate from equation (3.5) 
during the simulation. This equation relates the energy going into or taken from the system: a 
negative sign in the work indicates that work is done against the system, and a negative sign 
in the heat indicates that energy is leaving the system. The internal energy of the system will 
change according to the difference between heat and work. Figure 3.36 presents the rate of 
energy change for the system during the simulation. The higher work rate done by the piston 
occurs when the speed of the vehicle is higher, at the beginning of the braking. At this point 
in the cycle, the heat rate is quite low due to the temperature difference between the inner gas 
and the wall of the reservoir being low. Hence most of the work is converted into internal 
energy. During this initial period, the mechanical work done by the pump predominates. 
When the flow rate decreases by the end of the test, heat transfer to the surroundings is the 
dominant factor. The lower rate of mechanical work done against the piston results in higher 
heat transfer to the surroundings of the reservoir as evident from the reduction of temperature 
in the gas as shown in Figure 3.35. Here, a notable reduction in the internal energy rate of the 
gas is seen, even negative towards the end of the test. The combination of these effects 
explains the lower rate of increase of pressure at the end of the test despite the fact that the 
pump continues directing oil towards the reservoir. 
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Figure 3.36. Energy rate following equation (3.5) during the simulation of Test 1. 
on every occasion the system showed a similar behaviour, as seen in Figure 3.37. 
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Figure 3.37. Comparison of experimental and simulated pressure in reservoir and comparison of adiabatic and not- 
adiabatic performance for temperature in reservoir during (a) test 2, (b) test 3, and (c) test 4 (No experimental 
measurement of temperature was available in any test). 
In all cases, the combination of low flow rate (i. e., low mechanical work) with high heat 
transfer caused a pronounced deviation of the performance compared to an adiabatic system, 
highlighting the importance of the insulation of all the components in contact with the gas in 
the hydro-pneumatic system. Nonetheless, the difference in the pressure between the model 
and experiment during the braking stage is attributed to the effect of the small interconnection 
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between the accumulator and the tank. These results suggest that there is no need to increase 
the computational complexity of the model and that the transient effects of this 
interconnection can be neglected when doing an energy analysis because after a small lag the 
system comes to an equilibrium as if there were no restriction. Having the initial conditions of 
the system and the flow rate known is sufficient to analyse the energy rate in the system. 
3.2.3.6 Thepump model 
To complete the hydro-pneumatic model, the operation of the constant displacement pump 
was incorporated in another block connected to the input of the reservoir model (see Figure 
3.38). 
Pump torque 0*1 fi 
Pump speed 
: 3-1*ý= 
Torque from 
hydro-pneumatic 
system 4 Mechanical powerfrom 
Pump speed 
I 
hydraulic system 
Figure 3.38. SIMULINK model for the VEUNAM Hydro-pneumatic system. 
Although a constant displacement pump and its connection lines have losses that depend on 
the operating conditions [123-125], extreme accuracy is not required because these losses are 
much smaller than those from the vehicle. For this analysis, a constant mechanical and 
volumetric pump/motor efficiency of 0.90 was considered to account for these losses. 
Given the operational characteristics of the system, the input of the hydro-pneumatic block 
was set to be the torque and speed of the pump for the current time-step. Subsequently the 
model calculates the torque from the hydro-pneumatic system as can be seen in the flowchart 
shown in Figure 3.39. 
Since the VEUNAM operates with a fixed displacement hydraulic pump, the activation of the 
three-way valve is related to the energy available at or required from the final drive. A logical 
constraint was included in the pump block to account for this effect. When the brakes are 
activated, the pump will be activated only if enough energy is available from the vehicle to 
overcome the existing pressure on the reservoir. Equally, when the acceleration pedal is 
pressed, the pump will assist only if the pressure in the'reservoir is high enough to provide at 
least the required energy to the final drive of the vehicle. If these conditions are not fulfilled, 
then the system does not operate (see Figure 3.39). 
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Pump torque and purnp speed are loaded (see eqivitlous (3.3) and (3.4)). 
Initial temperature, pressize and volurne of reservoir are loaded 
Block pmnp. Oil flow rate is calculated with eqmfion (3.2). 1 
Block i-esen-oir. Given the differmtial of volume, the temperature and pressure 
in res ervoir is calculated by s olving eqwi lion (3.11) with the metho d prop os ed 
by Otis and P ourmovahed [ 12 1] (s ee sec lion 3.23.5.1ý 
Block pump. The mechanical power tomhydraulic system is estimated with 
the rate of work conducted by or on the piston (eqiLition (3.7)). 
Block purrq). Torque from hydro-pneumatic system is calculated with the 
mechanical power from hydraulic system and pump speed. Hydro-pneumatic system 
-4 
does not operateý no oil flow 
Blockpunip. During Regeneration: Is thetorque atpump shafthigher than e: dsting in system. 
torque from hydro-pneurnatic system? Torque from hydro- 
During Ac c eleration: Is torque tom hydro -pneumatic system higher than the N pneumatic system - 0. 
torque at pump shaft? (all torque is requested to 
Y electric motor 
OR no energy 
is store4 
The torque from hydro-pneumatic system is taken as the torque available in 
block power distr1ution(see Figmes 3.28 arul 3.29). 
(Torque has been provided/taken by the hydro-pneumatic system, thus vehicle 
has been accelerated or braked with it). 
Figure 3.39. Flowchart for a simulation in ADVISOR of the VEUNAM hydro-pneumatic system (see Figure 3.28, 
Figure 3.29, and Figure 3.38). 
3. Z3.7 Comparison with experimental results and discussion 
Experimental tests conducted on the VEUNAM by Gonzalez were analysed with the 
complete model set to be activated only during braking. Figure 3.40 presents the result of the 
hybrid simulation of test 1. 
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Figure 3.40. Comparison of experimental and simulated pressure in the VEUNAM during Test I- complete 
model. 
It was noted that this simulation showed a slight delay in the activation of the pump. The 
delay was found to be given by a miscalculation of ADVISOR, instead of calculating a 
negative torque at the shaft to indicate braking, ADVISOR calculated a positive torque. 
Hence the system was not activated until the next time step. In the experimental test the 
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hydro-pneumatic system was activated at the 19.5 sec but in the simulation it started at the 
next second. Calculation of a positive torque at the shaft with equation (3.1) prevented the 
system being simulated for regeneration (see Figure 3.4 1). 
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Figure 3.41. Torque calculated at transmission and pump of the VEUNAM during Test I- complete model. 
The logical restrictions set in the pump model were established to maintain the energy 
conditions of regenerating only when the torque in the transmission is negative and vice versa 
for acceleration. To some extent, the transient state at the start of the test caused the velocity 
not to show a deceleration despite oil being already sent to the system. These results suggest 
that the ADVISOR structure for the calculation of torque demand might be a factor causing 
an inappropriate activation but it would also be highly dependent on the drive cycle 
smoothness. 
Although further experimental tests were planned to be carried out on the VEUNAM, the 
non-availability of experimental data prevented the validation of the model under real driving 
conditions by the time this work was concluded. More detailed thermodynamic measurement 
from the system during operation would be beneficial for further validation of the model, such 
as temperature and volume in the reservoir. It is expected that the results obtained from this 
work would assist in the understanding and detailed analysis of the system by the time these 
tests are conducted. 
in conclusion, the flexibility shown in ADVISOR to create and incorporate new models is 
significant. The methodology proposed by Otis and Pourmovahed [121] for simulation of the 
hydro-pneumatic accumulator was re-developed in SIMULINK environment showing 
remarkably satisfactory results. This supported that the chosen software, ADVISOR, was 
adequate for the development and analysis of new power trains for vehicular use. 
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3.3 Summary and conclusions 
In this section, ADVISOR was used to simulate the performance of conventional and non- 
conventional vehicles. The ADVISOR architecture was explained and vehicle models of a 
conventional, an electric and a hybrid vehicle were developed. From these simulations it was 
found that ADVISOR is capable of simulating these vehicles within a reasonable accuracy 
given the information available from the experimental tests and each of the components of the 
systems. The initial tests conducted on the VEUNAM confirmed that ADVISOR could be 
used to predict the hydro-pneumatic behaviour of the hybrid power train. Furthermore, this 
study showed that ADVISOR has sufficient flexibility to incorporate new blocks into existing 
models to analyse novel alternatives and power trains. This capability gave more confidence 
in ADVISOR usage for the study of the power trains to be developed in this thesis. The 
flexibility found in ADVISOR to add new components in the power train was adequate for 
the continuation of this project in its next stage: the development of a Mechanical Hybrid 
Power train based on a flywheel to store energy. The knowledge and skills gathered during 
the previous chapters were used for the development of the Mechanical Hybrid Power train 
and its computational model. 
The physical foundations of the mechanical hybrid system and its computational model, in the 
SIMULINK environment to allow a further implementation in ADVISOR, are explained and 
discussed in the next chapter. 
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4 REGENERATIVE ENERGY WITHA FLYWHEEL 
This chapter presents a proposal for a hybrid vehicle power train based on the use of a 
flywheel as a temporary energy storage device. A computational model of this system was 
created in SIMULINK to analyse its performance in a full size vehicle. This system can be 
incorporated into a conventional power train producing a substantially mechanical-based 
hybrid vehicle power train whose primary and secondary power sources are an engine and a 
flywheel, respectively. The flywheel is used to store energy from the vehicle during braking, 
and to release it in order to propel the vehicle during acceleration. The analysis and 
foundations of the mechanical energy storage system are presented and discussed in this 
chapter, including an example of a simulation of a vehicle that has the hybrid power train 
installed. This was done to provide a deeper understanding of the characteristics and 
performance of the flywheel based hybrid power train as if it were incorporated in a full size 
vehicle. 
4.1 The use of a hybridpower train during acceleration and braking 
The development of HEVs has allowed researchers to understand the benefits of using an 
additional power source in a vehicle power train. As discussed in section 2.4.2, hybrid 
vehicles such as the Prius and the Insight have the ability to achieve significant improvements 
in emissions and overall efficiency by effectively combining two energy sources in a power 
train. Here, the engine operates more efficiently when compared to a conventional power train 
and further gain is made by storing braking energy in a secondary energy reservoir. Batteries 
are commonly used as the secondary energy source, which in conjunction with an electric 
motor provide mechanical power to the power train. Although these results have proven the 
use of an IC engine and an electric motor in a hybrid power train successfully reduce 
emissions and fuel consumption, the use of batteries as a second energy source has various 
drawbacks. As mentioned in section 2.4.3, the continuous conversion of energy from 
mechanical to electrical and then to mechanical carries an efficiency penalty and the materials 
used for the construction of the batteries might represent a hazard for the environment if not 
managed properly. Moreover, the lifetime of batteries is adversely affected when used under 
conditions of highly intermittent cycles, like those that occur during the operation of a 
vehicle. The capability of the batteries to chemically store energy is limited by the technology 
selected, with those more advantageous for automobile usage having a substantially higher 
cost. Therefore the use of a mechanical device to store energy shows favourable advantages, 
such as no electrical to mechanical conversion of energy, independency of depth of discharge 
with SOC level, and component life significantly unaffected by the drive cycle experienced. 
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The principle of regeneration of energy comes from the idea of storing energy, usually 
dissipated in the brakes, in an energy reservoir and using it later to assist the vehicle during 
acceleration. This assistance could be provided either from start or during cruising periods. 
This study is focused on the re-utilisation of energy particularly during acceleration from 
start. During regular city traffic conditions, after a traffic light or a stop, the driver demands 
power from the engine to rapidly accelerate the vehicle and continue the journey without 
causing a disturbance to other vehicles. This period is disadvantageous for the engine 
operation because the clutch must be used due to the high ratio required, contributing to 
transient effects of the engine and low efficiency of the transmission (this effect will be 
discussed in detail in section 6.1). Therefore, the utilisation of another power source during 
this period is likely to be advantageous. To include a secondary power source, a new hybrid 
power train was devised. 
4.2 The Mechanical Hybrid Power train 
A Mechanical Hybrid Power train (MHP) is proposed, which is able to store energy during 
braking of a vehicle and provide energy during acceleration. Although this proposal contains 
some characteristics seen in the Insight and the Prius, two HEVs currently commercially 
available, it differs in the method of energy storage. Unlike HEPs, this mechanical power 
train does not use electric batteries as the energy storage device. Instead, it uses a mechanical 
transmission with a flywheel for energy storage and an epicyclic gearbox with a brake and an 
electric motor to control energy flow being captured or delivered to the driving wheels (see 
Figure 4.1 and Figure 4.2). 
As the electric batteries are substituted by a flywheel, coupled to an epicyclic gearbox, it was 
considered appropriate to denote the power train as being a Mechanical Hybrid Power train as 
opposed to an HEP. The epicyclic gearbox is the mechanical element that interconnects the 
high-speed flywheel with the vehicle's wheels. A basic epicyclic gearbox is comprised of 
three sets of gears: termed the planets, ring, and sun, respectively (Figure 4.1). Normally an 
epicyclic train has a central sun gear, several planets meshing with the sun and, spaced 
uniformly around the sun, an annulus or ring gear meshing with the planets [ 1261. 
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Figure 4. LA simple epicyclic gearbox (Adapledftont D. If'. Dudleys Gear Handhook 11261). 
For the proposed Mechanical Hybrid Vehicle (shown schernatically in Figure 4.2) the planet 
carrier is connected to the final drive of the vehicle, tile Sun is coupled to tile flywheel and tile 
ring is connected to both a mechanical brake and an electric motor. The Output torque ofthc 
mechanical energy storage system is directed to the vehicle at the final drive by means of' a 
mechanical interconnection. The control motor is electrically connected to a generator 
coupled to the engine in such a way that the engine provides the energy to power the motor. 
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Figurc 4.2. Schematic configuration ofthe Mechanical I lybrid vchicle. 
The system has three modes of operation: 
Flywheel Assisted Acceleration. In this mode, energy is withdrawn fron) tile 
flywheel to the vehicle. 
2. Regenerative Braking. In this mode, the flywheel captures energy from tile vehicle. 
3. Neutral. In this mode, there is no transmission of energy and the components ofthe 
system rotate freely. 
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The implementation of a brake and a control motor was chosen to vary the energy flow 
between vehicle's wheels and the flywheel. The operation of the system is related to the speed 
equilibrium of the branches for an epicyclic gearbox, whose governing equation is given 
below [127], 
WC =WR+ ms S+R S+R 
where coc = speed of carrier, wR = speed of ring, cos = speed of sun, S= number of teeth of 
sun, and R= number of teeth of ring. 
Equation (4.1) implies that for any given combination of sun (flywheel) and carrier (vehicle) 
speed, there is a critical speed at which the ring needs to rotate so as to neither accelerate nor 
decelerate the flywheel. If the control motor drives the ring faster than this speed, energy will 
be transmitted from the vehicle's kinetic energy into the flywheel, and this would facilitate 
the braking of the vehicle. Conversely, if the ring is braked and thus rotates slower than the 
critical speed, the flywheel's kinetic energy will be transmitted through the gearbox to help 
accelerate the vehicle. The energy flow is explained considering the torque equilibrium in the 
gearbox, whose equations are presented below. 
The torque in a single planetary gearbox is calculated from the torque on one of its 
components. Given the torque in the carrier known, and using the Willis Equation [127]: 
TR 
--ý -R TC (4.2) R+S 
TS =-s TC (4.3) R+S 
with TC =Torque in carrier, TR = Torque in ring, TS = Torque in sun. 
Equations (4.2) and (4.3) indicate that for a given torque at the carrier, there would be an 
opposite and proportional torque at the ring and at the sun. The direction of torque and 
rotational speed at each branch determines the power flow. Having both speed and torque in 
the same direction indicates the energy entering the gearbox and, conversely, an opposite 
direction of torque and speed means energy leaving. During Regenerative Braking operation 
the control motor drives the ring. Thus the torque and speed in the ring would have the same 
direction, indicating that the motor is adding energy to the gearbox. Given the combination of 
torque and speed on the other branches (see Figure 4.3), energy from the ring and carrier is 
directed to the sun. In this mode, the control motor drives the ring faster than its critical 
speed, causing energy flow from the kinetic energy of the vehicle to the flywheel, thus 
decelerating the vehicle. 
100 
Velucle dnvum 
calliel 
Emmillo- Speed 
V/ 
Toi clue 
During Regenerative Braking the control motor drives the ring so energy from final drive and motor go to the flywheel. 
Figure 4.3. Regenerative Braking operation. 
To produce acceleration of the vehicle and discharge the flywheel the direction of the torque 
at the ring must be changed. This is achieved by applying a brake at the ring. Figure 4.4 
presents the direction of the speed and torque that would exist at the gearbox during Flywheel 
Assisted Acceleration. The state of equilibrium causes the flywheel to drive the sun, and the 
carrier to drive the vehicle with input of energy via the sun and output through the ring and 
carrier. In this mode, the brake drives the ring slower than its critical speed, hence causing 
energy flow from the flywheel to the vehicle. 
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During Flywheel Assisted Acceleration the brake decelerates the ring, which causes energy flow from the flywheel to 
the final drive and brake. 
Figure 4.4. Flywheel Assisted Acceleration operation. 
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During Neutral mode, both the motor and brake are deactivated, which cause the ring and 
flywheel to rotate freely (see Figure 4.5). In this mode there is no transfer of energy between 
any of the branches. 
Bfak-e (fiscotuiected 
Ring I otatill? 
opposite to stui 
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Motor (Ucoiuiected 
During neutral operation the motor and the brake are deactivated, hence the flywheel and ring rotate freely. 
Figure 4.5. Neutral operation. 
Therefore, to store energy and accelerate the vehicle, the motor and the brake must alternate 
in operation during the drive cycle. If the system were in Neutral, the vehicle would be either 
stationary or be accelerated by the engine, just as in a conventional vehicle. Further details of 
the components of the mechanical energy storage system and their computational models will 
be given in the following sections. 
4.3 The epicyclic gearbox 
An epicyclic gearbox is the mechanical element used to interconnect and transmit power 
between the flywheel and the vehicle. This type of transmission was selected to allow a 
continuous speed ratio between these two elements and also to enable a high speed ratio to be 
achieved. In industrial applications, an epicyclic gearbox is commonly used in high-speed 
turbo machinery where a high ratio of reduction is required to interconnect equipment 
mechanically [128]. 
Typically, an epicyclic gearbox would have one of the branches fixed during operation, 
however, in this hybrid system, all three branches are required to rotate. Given this particular 
condition, the fundamentals for the epicyclic gearbox require an explanation not typically 
found in the literature. Therefore, although technical information of this type of gearboxes 
was found in [126,129-131], a special explanation was developed for the purposes of this 
study. 
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For the gearbox, the number of teeth in the sun and ring greatly affect tile performance of the 
epicyclic gearbox because they dictate the relationship between both the torque and the speed. 
This is made apparent when equations (4.1) to (4.3) are re-written as 
+B (o, ý 
(4.4) 
T =-AT. 1? (4.5) 
T, = -BT,. 
(4.6) 
With 
R 
R+S (4.7) 
B= (4.8) R+S 
These constants A and B vary as the ratio of the number of teeth of the sun to the ring 
increases, as shown in Figure 4.6. 
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Figure 4.6. Variation ofconstants A and Bin a single cpic)clic gearbox as the number ofteeth offlie stin and ri ng 
change. 
'file effect of varying the constants in equation (4.4) is to vary the equilibrium speed In tile 
gearbox. This can be pictured using a lever in which the carrier speed is always oil a line of' 
value x=0, the ring speed is on a line of value x=B and the sun speed is on ,I line ol'value 
103 
0 0.2 0.4 0.6 0.8 
SIR (--) 
x--A. With this arrangement, for a given speed of any two branches, the speed of the third 
branch can be established by observation. 
By way of example, Figure 4.7(a) illustrates the equilibrium speed for an epicyclic gearbox 
with a constant A=0.9 and combinations of speed in the carrier and sun of [0,500,1000, 
1500] and [4000,3500,1500,100], respectively. Figure 4.7(b) displays the equilibrium speed 
with A=0.5 and the same speed combinations in sun and carrier. It can be seen that in an 
epicyclic gearbox the ring and the sun pivot around the carrier, and that changes to A and B 
would effect changes for the speed in the ring, even for the same speed in the sun and the 
carrier. Therefore, it can be concluded from this analysis that, as the value of A increases, the 
velocity in the ring is less affected by a change in speed of the sun. 
4000 
3000 
2000 
looo 
-1000 CL 
:0 
-2000 
-3000 
-4000 
+ sun 
carrier 
ring WC 4 
WR 0, / 
0.5 0 0.5 
A 
(a) 
400C 
3000 
2000 
1000 
03 0 
1000 
-2000 
-3000 
-4000 
+ sun 
carrier 
ring 
WR 
1B 
1 0.5 0 0.5 1 
B A (b) 
Figure 4.7. Visual example of the effect at the speed in the epicyclic gearbox branches for changes in A and B. In 
these figures: (a) B -0.1,, 4=0.9, and (b) B=o. 5,, 4 = o. 5. 
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Because this system was designed to store as much kinetic energy as possible in the flywheel, 
the speed of the flywheel would vary constantly. If a transmission with a low value of A were 
selected, any slight change of speed at the sun would dramatically affect the speed at the ring. 
This is undesirable, as it would make the system difficult to control. Therefore, to reduce this 
effect, a transmission with a high value for A is required for the hybrid system. Achieving this 
with a single epicyclic requires a sun with a very low number of teeth. To avoid this, another 
approach was required: a double planetary gearbox. 
4.3.1 The double epicyclic gearbox 
A double planetary gearbox consists of two single epicyclics in which the output of one of the 
components becomes the input for the following train. In this arrangement, the sun of the first 
epicyclic drives (or is driven by) the carrier of the second epicyclic, whilst the rings of both 
epicyclics are connected together (see Figure 4.8). It follows: 
WRI -ý O)R2 
(4.9) 
COSI ý-- O)C2 
ring 1 Ing 2 
ptane-b 1 planet 2 
carrier 2-9 
carrier 1 -sun sun 2 
Figure 4.8. Arrangement for double epicyclic gearbox. 
from Figure 4.8 and equation (4.4), representing the two epicyclics with the suffix I or 2, 
respectively, the speed on the planetary set for each train is: 
O)CI ý 
R, 
WRI ý 
S, 
WSI 
S, + R, I +Rl 
O)C2 -ý 
R2 
O)R2 + 
S2 
O)S2 
S2 + R2 S2 + R2 
substitution of (4.9) and (4.10) in (4.12), and then in (4.11) yields to: 
cl) CI "' ý 
R, 
())R I+S, 
R2 
O)RI + 
S2 
CVS2 
S, + R, S, + R, 
( 
S2 + R2 S2 + R2 
and rearranging in terms of o)RI and O-)S2 9 the speed of the double epicyclic gearbox can be 
represented by rewriting equation (4.13) as follows: 
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RI (S2 + R2) + S, R2 SIS2 Oci ý-- (SI + R, 
XS2 
+ R2) 
CORI + (SI + Rl XS2 + R2) 
COS2 
Following the same principle, from equations (4.5) and (4.6), the torque in the double 
planetary gearbox is given by: 
TRI R, Tc 1 S, + R, (4.15) 
TSI S, TC 1 (4.16) S, + R, 
TR2 
R2 
TC2 (4.17) 
S2+ R2 
TS2 
S2 
TC2 (4.18) 
S2+ R2 
From Figure 4.8 it can be determined that: 
TC2 
"2 -TS 1 
TRI. 
I. 1 ý 
TR 
I+ 
TR2 
(4.20) 
Therefore, combining equation (4.16) in (4.19) and then in (4.18): 
TS 
2=- 
SIS2 
TC I (SI + R, 
XS2 
+ R2) 
Finally, substitution of equations (4.16) and (4.19) in (4.17) and (4.20), and equation (4.15) in 
(4.20) yields: 
TRIolal ý-- - 
R, Tcl - 
SIR2_T 
(4.22) S, + R, (SI + R, XS2+ R2) 
Cl 
which gives 
TRIotal R, (S2 + R2) + S, 
R2 
TC 1 (4.23) (SI + R, XS2 + R2) 
Equations (4.21) and (4.23) are used to calculate the torque existing in the other outputs of the 
gearbox if the torque in the carrier 1, Tcl, is known. 
When equations (4.4) to (4.8), (4.14), (4.21) and (4.23) are compared, it is evident that the 
speed and torque for the single and the double epicyclic gearbox are equivalent but with 
different equations for A and B. Those for the double epicyclic are written below: 
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R, (S, + R, ) + S, R, 
(4.24) 
(SI + Rl)(S, + R, ) 
B 
sis, 
(SI + R, )(S, + R, ) (4.25) 
In this case, the values for A and B depend on the number of teeth of the first and of the 
second train. Figure 4.9 displays the values for these constants of a double epicyclic gearbox 
varying S1 and Sý but having a fixed value for R in both trains. 
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Figure 4.9. Variation ofconstants A and B in the double epicyclic gearbox as the numbers ofteeth at sun and 
carrier change. 
As seen from Figure 4.9, in the double epicyclic gearbox high values for A can be achieved 
by using the sarne number of teeth for the sun and the ring of both epicyclic trains. A 
combination of 46 teeth in the rings and 8 teeth on the first and second sun would be feasible 
and would provide a sufficiently high value for A. This combination of' values will be used 
throughout this thesis for the simulation of tile hybrid vehicles. The constants for the hybrid 
gearbox used for the vehicle simulations are A=0.9781 and B=0.0219. 
It should be noted that although the selection of the epicyclic gearbox was reqUil. cd to 
continue the analysis of the systern and explain its operating principle, this choice could bc 
changed by the designer to match a gearbox with different characteristics. 
107 
In the interest of simplicity, throughout this thesis, the output branches of the double epicyclic 
gearbox will be termed sun, carrier and ring. For example, the torque at the carrier (TC), sun 
(Ts) and ring (TR) would correspond to TC1, Ts2, TRTt,,,, respectively, as shown in Figure 
4.10. 
ring I ng 2 
ptanet I ptanet 2 
-ar carrier 2 TC, 0) C 
as_ 
I-T 2)s 7 carrier I sun I 
U-sun 
2 S. 
0 
let El 
Tj?, 0) lz 
Figure 4.10. Arrangement of double planetary gearbox outputs. 
4.3.2 The modified hybrid power train 
The gearbox layout proposed for the Mechanical Hybrid Power train was adjusted in light of 
previous work. The modified version is shown in Figure 4.11. 
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Figure 4.11. Mechanical energy storage system of Hybrid Power train with a double epicyclic gearbox. 
4.3.3 The computational model of the epicyclic gearbox 
A computational model of the double epicyclic gearbox was developed with the torque at 
carrier as the input of the system. The losses at the transmission were accounted for with the 
inclusion of an efficiency from the transmission. Torque loss at the carrier and ring were 
calculated, depending on the direction of energy flow, with: 
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If Tc >0 (during Regenerative Braking) 
-ý T TC 
-loss 
"C (17GB (4.26) 
TR 
_,,. 
= -A Tc (? 7GB - 1) (4.27) 
else (during Flywheel Assisted Acceleration) 
TC 
-1.. 
= Tc( 
I- 
1) (4.28) 
17GB 
TR_Ioss 
= -ATc (I- 1) 
(4.29) 
77GB 
in which qGB is the efficiency of the epicyclic gearbox, TC 
- 1,,,, 
TR_Iss, are the torque at the 
carrier and ring, respectively, that accounts for gearbox losses. 
Given the inclusion of these torques, the equilibrium for the transmission should comply with 
TC + TC loss + 
TR + TR loss + TS =0 (4.30) 
Therefore, to fulfil the equilibrium state, the torque at the sun should be calculated with the 
inclusion of the mechanical efficiency as presented below. 
If Tc >0 (during Regenerative Braking) 
T= -BT t7 
(4.31) 
sC GB 
else (during Flywheel Assisted Acceleration) 
TS BTc (4.32) 
qGB 
The value for the efficiency is taken from a map as explained in the next section. 
Equations (4.4), (4.5), (4.3 1) and (4.32) are used to calculate the speed of the branches of the 
gearbox and the torque at the ring and sun during operation with equations (4.24) and (4.25) 
determining the values for A and B. 
Equations (4.4), (4.5), (4.31) and (4-32) were implemented in a SIMULINK model of the 
double planetary gearbox. A flowchart of the step-by-step calculation is shown in Figure 4.12. 
The SIMULINK model was designed following the ADVISOR architecture and its principle 
is that the transmission and the flywheel would operate given: the physical characteristics of 
the gears in the transmission, the size of the flywheel and their losses, whilst having as input 
the torque and speed at the carrier and the initial speed at the sun. 
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STEP 1. Load gearbox constants, loss niap, initial E(piatiom 
-icr , -que at cmi-icr at sun. speed c an and toi 
"ý)C = -4(ý)R + 
Bivs (44) 
STEP 2. Detennine efficiency at tnuimussion fiom 
inap for a given torque at cainer and initial speed at 
S1111. TR = -AT, (4 5) 
STFP 3. Calculate torque at ring for a given torque at 
cainer with e(piation (4.5). 
1 
Ts -BT,, 7,, a (4.31) 
STEP 4. Calculate torTie at mn Rx, a given tor(pic at - BT, 
cm-ier with e(piation (4.31) or equation (4.32). 
1 
TS 
17QB (4 32) 
STEP 5. Calculate torque at fly%%heel with Tf. ý-Ts 
(see Figin-e 5.22) 
STEP 6. Load cunelit speed at sun. See Figure 4.15, 
STEPS I to 5. 
STEP -. Calculatespeed at ringwith equation (4.4). 
Constants 
.4R, 
(52 + R, ) + SIR2 (4 24) 
(SI + R, 02 + R, ) 
B- 
SIS2 
(4 25) (SI + R, )(S2 + R2) 
END 
Figure 4.12. Flowchart of a step-by-step calculation of the epicyclic gearbox model. 
4.3.4 The loss map at the epicyclic gearbox 
The value for the efficiency was based on an existing efficiency map from ADVISOR. This 
map correlates the efficiency for a given torque demanded at the carrier and the speed at the 
sun. Figure 4.13 displays the efficiency map for the epicyclic gearbox. 
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Figure 4.13. Efficiency map for the planetary gearbox model. 
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4.4 The high-speedflvwheeL 
A state of the art flywheel would be coupled to the Sun. The high-speed flywheel is the energy 
reservoir for the Mechanical Hybrid Power train rather than the electric batteries. The energy 
that a flywheel can store in the form of kinetic energy is given by 
IIN2 
2 1" /,, (4.33) 
where If,,, and co,,, are the inertia and speed of the flywheel. 
Therefore, the energy capacity is determined by the maximurn speed of the flywheel and its 
inertia. This is in contrast to batteries, where it is necessary to install additional batteries in 
the system to increase the storage capacity. The mechanical losses incurred due to windage 
(further details will be given in section 4.4.2) would be reduced with tile operation of tile 
flywheel in a vacuum environment. Regarding the risk of failure, tile flywheel would be made 
with composite materials to decrease the risk of potential damage in case of' rotor flidure. 
Further information of the overall design and characteristics of the flywheel can he I'Mind in 
[45]. 
The use of flywheels for energy storage is an option for several of tile Common vehicular 
energy storage technologies that are being developed, as can be seen in Figure 4.14. 
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Figure 4.14. hiel-9) Ili(] po\%er density storage map (. hkipledftom mPower 11321). 
This rnap presents the typical area of specific power and energy for various types ofencrgy 
storage systems. For example, from the electric vehicle presented in section 3.2.2, the peak 
energy and power capacity of the vehicle would be around 14400 Wh and 9000 W, all(] 
considering 500 kg of full weight for the electric system, 29 Wll/kg and 18 W/Kg Would be 
achieved. The specific energy and power shown in the graph for flywheels are based oil 
flywheels rotating up to 11,000 rad/sec [132], which is not the case for this svsteill. sinall 
flywheels of the type proposed for this system, spinning at 5000 rad/sec, would provide 
around 380Wh and 40kW; and considering a weight of 100 kg would be 4Wh/kg and 
40OW/kg. Although the energy density might be expected to be higher in the case of the 
flywheel, the benefits of this hybrid system rely on the capability of having rapid charging 
and discharging of energy. This, together with environmental benefits, enables the system to 
achieve a superior performance to hybrid systems using batteries. 
4.4.1 The flywheel model In SIMULINK 
The operation of the flywheel is based on the rotational equation of motion, which states that 
for a body with a known moment of inertia Qf,, ), any change in angular momentum is equal to 
the external torque applied to the rigid body. In this analysis, the rotation of the flywheel and 
the application of the external force occur on one axis of rotation, therefore for a given torque 
Tf. on a flywheel: 
T= 
d(Ifwo)fw) dwfi, 
f, dt dt (4.34) 
For a discrete time, this yields 
Tfi. = if. 
(Cofw(2) 'COMO) 
(4.35) At 
where At is the time step for the simulation. The suff ixed fw(2) indicates the final speed of the 
flywheel at the end of the current time step, whereas f. (i) denotes the initial speed at the 
beginning of the current time step (i. e. final speed of previous time step). 
Therefore, the final speed in the flywheel for the current time step is calculated from: 
TfýAt 
Wfw(2) O)fw(, ) 
(4.36) 
The torque that causes an increase or decrease of energy in the flywheel is due to an external 
load applied on it, Tf., termed torque at flywheel shaft. However, since flywheel losses occur 
during the time the flywheel rotates, these losses are included as Tfil., such that the final 
flywheel speed for the current time step would be given by: 
O)fw(2) -ý 
(Tj-. - Tfi. 1. )At+ O)fiv(l) (4.37) Ifiv 
Equation (4.37) is then solved at each time step to calculate the final flywheel speed for the 
current time step. The magnitude and sign of the external torque applied, added to the loss 
torque, give the acceleration or deceleration magnitude for the flywheel. For example, if feed 
the torque demand were +5Nm and the flywheel losses were I Nm, the speed differential 
would have been given by +4Nm*At1If,,, whereas for a torque demand of - 5Nm and the 
same losses, it would be equal to -6Nm *Aelf. - 
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The losses from the flywheel were added to the code as a map that correlates a level of torque 
loss with flywheel speed. This facilitates the implementation of flywheel losses either found 
experimentally or from equations. A more detailed explanation of the losses in the flywheel 
will be provided in the next section. 
Finally, the average flywheel speed for the current time step is given by 
CV fW = 
Co f-0) + Cofiv(2) 
(4.38) 
The'average speed is required because this is the value used in the code to determine losses in 
the flywheel in such a way that the power being provided or consumed at the flywheel shaft, 
. ft, 
related to the power provided or consumed as kinetic energy at the flywheel would Pf,, jh,, 
equal: Aw 
0) fw +T 
Pfiv 
sha 
w 
fwloss Cofw 
- Ifi fw Adt (4.39) 
However, the final speed is also required because it should be fed back to the code to be used 
as the initial speed for the next time step. 
The code's input is the external load applied to the flywheel, and the outputs are the final as 
well as the average flywheel speed. To calculate it, the code determines the corresponding 
losses for the average speed each time and iterates until the solution of equation (4.37) is 
found for an initial speed. The step-by-step calculation for the flywheel block designed in 
SIMULINK is shown in Figure 4. IS. 
STEP 1. Load flywheel hiettia. loss 
map, fiiitial fly%viieel speed, tfiiie 
step and torqtie at flywiieel shafL 
STEP 2. CAicss tonyie loss froin die 
loss nialimith biftial flyvAieel speed. 
, sTEp 3 atess f uial flywheel speed 
with e(piation (4.37). 
STIEP4 Calculate aveiageflywheel 
speed Nvidi equation (4.38). 
STEPA Re-calcubte loique loss and 
re-calculate flywliccl ova age speed, 
ITERAMT CALCUIATION 
No Flywheel speed become constant? 
Yes ý 
END 
I'lld 
Fýial and average fly%viieel speed fbý. md 
foraýivetitoiqtientflywlieelstiaft 'Id 
fiýtial %mbeel speed. 
MIRUTTVIR CALCULATTON 
Torque loss deterinined froin die 
loss niap widl average fly%%Iieel 
speed. 
Final fly%%Iieel speed calculated with 
eTintion (4.37). 
E age flyMiecl speed calculated ver with equation (4.38). 
T-Has 
flM., cl average speed 
No converged?. 
Y-I 
F- Flywheel speed solved 
E(piations 
T, 
ýý 
)At 
+ WAIM (4.37) 
if# 
1) + WM2) (4.38) 
2 
Figure 4.15. Flowchart of a step-by-step calculation of the flywheel speed (This is used to solve the STEP 5 of the 
flowchart shown in Figure 4.12). 
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The convention used is that a negative torque stands for extraction of energy and a positive 
torque stands for addition. Consequently, the losses are always negative and discharge the 
flywheel, while a positive torque value would charge the flywheel. 
4.4.2 Losses of the flywheel 
The losses of the flywheel are calculated from aerodynamic and bearing losses occurring on a 
flywheel, as follows [133]: 
if PBWfw> 2000 
-7 f )213 3 10 
0 
(PB (of,, d+ fFBd Mb "BB (4.40) 
else 
Mb 
= 16xl 
0-7 fo d. 83 + f, 
FBdB12 
where 
Mb = bearing losses, pB = operating viscosity of flywheel bearings lubricant, fo = coefficient 
of type of bearing, do = pitch circle diameter of the bearing, FB = force on bearing, and 
friction factor on bearing (depends on design and relative bearing load) 
and 
M,, =C. 'wf2,, R,, +; 7C. pfhfR,, 4 Co 
2 
Pf fw (4.42) 
where 
C, = 0.491 * (log Rj '-" (4.43) 
R, = cof,, R,, 2pf luf (4.44) 
0.0593 * Rh -115 
(4.45) 
Rh = 2; rco. ý, R. 
2 pf / pf = 2; rR,. 
(4.46) 
where 
M,, = aerodynamic losses, pf = density of environment in flywheel container, py, - operating 
viscosity environment in flywheel container, R. = outer radius of flywheel, hf = thickness of 
flywheel, C,, = enclosed disc torque coefficient, C,, =drag coefficient of torque due to skin 
friction on the disc rim, and R, = rotational Reynolds number 
The total losses are equal to 
Tl,,,, = Mb + M. (4.47) 
To enhance this analysis, flywheels with two different inertias were used in the simulation. 
The parameters used for the integration of the maps are presented in Table 4.1. 
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Table 4.1. Parameters for high-speed flywheel loss maps. 
Description FWI FW2 Units 
Flywheel inertia 0.11 0.44 kgm2 
Flywheel radius 0.11 0.11 m 
Flywheel thickness 0.062 0.09 m 
Flywheel mass 18.18 72.72 kg 
Density of environment in flywheel container 0.10 0.10 kg/m 3 
Viscosity of environment in flywheel container 162E-6 162E-6 kg/m*sec 
Specific heat ratio 1.4 1.4 
Temperature 300 300 K 
Gas constant 287 287 Nm/kgK 
Coefficient of type of bearing 0.5 0.5 
Viscosity of flywheel bearings lubricant 18 18 mm'/s 
Pitch circle diameter of the bearing 60 60 mm 
Load on bearing (weight flywheel/2) 89.17 356 N 
Friction factor on bearing 0.002 0.002 
The loss maps for each flywheel are presented in Figure 4.16. 
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Figure 4.16. Map for losses at the flywheel showing flywheels with inertia of (a) 0.11 kgM2 and (b) 0.44 kgM2. 
The loss maps shown above were applied during the simulation of the mechanical energy 
storage system used in a full size vehicle. In accordance with estimated energy requirements, 
a flywheel with a moment of inertia of 0.11 kgm 2 was used for medium size vehicles, whereas 
a flywheel with a moment of inertia of 0.44 k gM2 was used for heavy size vehicles. Changing 
the maximum operating speeds of the flywheels could vary their energy capacity as used in 
the simulations. In later research, it could be possible to determine the optimum value for the 
inertia of the flywheel but this was not vital for the research at this stage. 
4.5 The brake 
The brake installed in the ring does not require special characteristics but it should be robust 
enough to support the dissipation of energy required from the hybrid system. 
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4.6 The motor 
The mechanical characteristics of the motor to be installed in the ring are not given at the 
moment since at this stage the analysis is focused on determining motor rating and 
investigating the power required from the engine due to motor operation. Given that the motor 
would be electrically connected to a generator installed in the output shaft of the engine, its 
operation would affect engine performance. 
4.7 The interconnection hetween thefinal drive and the carrier 
The carrier is mechanically interconnected to the final drive. Although the device to be used, 
typically a gearbox or a band, is not specifically determined, a constant efficiency of 0.95 is 
considered in this element to include losses in the power transmission. If there were a step up 
or step down between the final drive and the carrier, the speed at the carrier relative to the 
final drive would be increased or reduced proportionally. The equations for the calculation of 
the torque and speed at the carrier from the final drive are: 
WC = Wfd * GRC 
_ 
fd (4.48) 
if Tfd >0 (During Flywheel Assisted Acceleration) 
TC =- 
Tfd 
17C 
_ 
fd (4.49) GRC 
- 
fd 
else (During Regenerative Braking) 
TC =- 
Tfd 
(4.50) GRC-fd *27C_fd 
in which Tc and Tfd are the torques at the carrier and final drive, Coc and cofd are the speeds at 
the carrier and final drive, 7c_fd is the efficiency of the mechanical connection, and GRcju is 
the gear ratio from carrier to final drive. 
These equations illustrate that the speed at the carrier is linear with vehicle's speed, and that 
the force existing at the carrier will depend on the efficiency of the mechanical connection 
and the torque at the final drive. The latter depends predominantly on the acceleration 
demanded by the driver at each segment of the drive cycle, the gradient, and the transversal 
shape and weight of the vehicle (see equation (3.1)). The direction of the torque at the carrier 
is opposite to that at the final drive to match the conventions for both ADVISOR and the 
hybrid system. For example, if a vehicle is subjected to acceleration in ADVISOR, the torque 
and speed at the final drive are positive (see Figure 3.3). However, from Figure 4.4 it was 
seen that when the vehicle is driven during Flywheel Assisted Acceleration, the torque at the 
carrier is negative to denote energy leaving the transmission. Therefore, TC must be coherent 
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with the torque calculated in ADVISOR during acceleration and that required for the 
equilibrium in the gearbox. 
4.8 The computational model of the mechanical hybrid vehicle 
The computational model of the Mechanical Hybrid Vehicle is shown in Figure 4.17. The 
model of a conventional vehicle was modified to include the mechanical energy storage 
system. 
<cyc 
ITA1 F -9 
INA 
Lu 
Figure 4.17. SIMULINK model of the Mechanical Hybrid Vehicle. 
The main calculations conducted in the SIMULINK blocks of this hybrid vehicle are 
presented in Figure 4.18. 
Block di-he cjTle, Deterrrunation of average speed and acceleration for vehicle during current time step 
takin g into ac c ount sp eed requested from drive cycle and sp eed of previous time step. 
V 
Block vehick. Calculation of net tractive force acting on vehicle with eqwWon (3.1). This force takes into 
ac co unt physical characten stic sof the vel-: ii c le an d vel oc ity pr o fil er equested. 
-4 
Block wheelmid; wIlLb. Calculation of torqueand speed atwheels taking into account peffnissible torque 
ti-ansnussion fromwheels to roadand radius of wheels. 
or 
- Block firtal di-me. Calculation of torque and speed at fmal drive taking into account losses and gear ratio of 
final drive. 
Block eveiV stai-age systein Calculation of flywheel speed for a given torque (Yc) supplied or requested 
to mechanical energy storage system. Seewcficai 4.1' and Figuip 4.21 
If there is no demand to the storage system (Y, = 0) the simulation continues as in a conventional vehicle, 
otherwise, in the simulation there is no torque requested to the enizine. 
Block gembox. Calculation of torque and speed at gearbox taking into account losses and current gear ratio. 
The gear for the transnussion is calculated in the control strategv block <vc>. 
Block li)ftnuhc torque comerter Calculation of torque and speed at torque convester taking into account 
losses and speed ratio. The speed ratio is calculated in the control strategy block <vc>. 
Acce. -mi-y Loads. Any additional mecharucal load is included before requestinR total 
Block Awl conwrter. Calculation of torque and speed at engine taking into account operating conditions (in 
ti erter Block eyluiustsyq. Calculation of emissions expelled to environment taking into account cataly c conv 
op erating c onditions (in particular temp eratur e). 
Figure 4.18. Flowchart for the simulation of the Mechanical Hybrid Vehicle in ADVISOR. 
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To illustrate the operation of the mechanical energy storage system in the three operational 
modes (Flywheel Assisted Acceleration, Regenerative Braking and Neutral), the Ford Focus 
Estate (section 3.2.1.1) was simulated using the mechanical hybrid model. 
4.9 The operation ofthe system 
A simple drive cycle based on the speed demand of the European drive cycle ECE-1115/04 
was created for this analysis. The demand of the last segment of the cycle was taken as a 
reference to obtain a single segment of acceleration and deceleration (shown in Figure 4. ). 
This cycle, termed single drive cycle, is particularly convenient to explain the operation of the 
system given its simplicity. This very simple cycle will be used throughout this thesis to 
exemplify the operation of the hybrid vehicle. 
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Figure 4.19. The single drive cycle. 
Figure 4.20 presents the speed and torque demanded at the final drive and carrier of the 
hybrid vehicle with a gear ratio of 0.4 at the interconnection (see section 4.7). 
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Figure 4.20. Speed and torque demand for Hybrid Focus at (a) final drive and (b) carrier. 
Given a torque and speed requested at the carrier, the performance of the mechanical energy 
storage system is simulated, following the step-by-step flowchart shown in Figure 4.21. 
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STEP 1. Speed and torque requested at faml drive loaded. 
STEP 2. Speed and torque demanded at carrier is calculated with 
equations (4.48), and (4.49) or (4.50). 
STEP 3. Torque at flywheel is calculated from epicyclic gear box 
model, see Figtu-e 4.12, STEPS I to 5. 
STEP 4. Speed at sun is loaded ffom flywheel model for a given 
torque at flywheel shaft, see Figitre 4.15, STEPS 1 to 5. 
STEP 5. Speed at ring calculated &om epicyclic gear box model for 
a given speed at the sun, see Figin-e 4.12, STEP 7. 
END 
FiAl set of torque and speed for an branches of epicyclic gearbox I 
calculated, 
Figure 4.21. Flowchart of a step-by-step calculation of the mechanical energy storage system to solve the 
Mechanical Hybrid Vehicle ADVISOR model (This is the solution for the Block 'energy storage system' shown in 
Figure 4.18 and Figure 5.27). 
The operation of the flywheel, at an initial speed of 4800 rad/sec, is illustrated in Figure 4.22 
showing a typical performance of the Mechanical Hybrid Power train. The Hybrid version of 
the Ford Focus uses the flywheel with the moment of inertia of 0.11 kgM2. 
Initially, there is no torque demand for the storage system, thus the flywheel operates in 
Neutral with the flywheel and ring rotating freely (Period A). Following this, the brake at the 
ring is activated to accelerate the vehicle, working in Flywheel Assisted Acceleration (Period 
B). During the segment of constant speed of the cycle (Period Q, the storage system operates 
also in Flywheel Assisted Acceleration. It is because the flywheel continues to provide energy 
to the vehicle by applying the brake at the ring. Immediately after, the motor is activated to 
operate the system in Regenerative Braking (Period D). Finally, the vehicle operates again in 
Neutral (Period E). 
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Figure 4.22. Epicyclic gearbox performance during single drive cycle for the Focus Estate. 
Further explanation of the system in operation is given in Figure 4.23 which presents the 
power loss and power profile from the three branches of the epicyclic gearbox. 
25 Power at sun 
Pow. Flywheel accelerating dynamometer er 
loss 
20- ...... Power at ring 
--- Power at carrier 
is- 
sun 
E. 10 ABCD 
51 /' %% 
0 Power loss at gearbox ................ 0 ......... 0 .......... 
-5- N %J% e 
-10- 
j- 
-15- carrier 
Flywheel regenerating 
-20 
nna 
0 10 20 30 40 50 60 70 
Tlme (sec) 
Figure 4.23. Power profile at the epicyclic gearbox branches during a single drive cycle for the Focus Estate. A 
positive value indicates energy entering the gearbox. 
This figure presents the power withdrawn from the flywheel to ring and carrier during 
Flywheel Assisted Acceleration (Periods B and Q and the power fed during Regenerative 
Braking (D). In Neutral (Periods A and E), no transmission of power occurs through the 
gearbox. 
inspection of Figure 4.23 confirms that the power equilibrium (see equation (4.5 1) below) is 
always fulfilled. 
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«'ý 0 PR + PC + PS + PGB losv - (4.51) 
where Ppcs = power at ring, carrier and sun and PGB-k. = power related to losses in the 
gearbox. 
In order to demonstrate the principle of operation of the system and validate the simulation, 
an experimental rig was built and instrumented to enable various tests to be conducted. This 
work is explained in the next chapter. 
4.10 Summary and conclusions 
A mechanical energy storage system comprising of an epicyclic gearbox, a brake, a motor and 
a flywheel was proposed. The flywheel was incorporated into the storage system to act as the 
energy reservoir to provide and store energy during acceleration and braking. The 
incorporation of this mechanical energy storage system into a conventional vehicle power 
train creates a Mechanical Hybrid Power train that, together with a vehicle, forms the 
Mechanical Hybrid Vehicle. After the characteristics of the major components of the 
mechanical system were analysed, the final configuration of the proposed system was 
determined. Finally, a SIMULINK model of the Mechanical Hybrid Power train was created 
to analyse its performance. Results of computational simulations of a medium size vehicle 
being accelerated and braked with the mechanical hybrid system showed that using a flywheel 
to operate as an energy reservoir during braking and acceleration is feasible. 
To validate the operation of the mechanical hybrid system and to validate its SIMULINK 
model, experimental work was conducted in a small-scale rig. It was considered prudent to do 
this experimental validation prior to undertaking extensive simulation and optimisation for 
real vehicles being driven in realistic complex drive cycles. In this way, any errors or 
misunderstandings of the system would be detected early on in the research. This work is 
explained in the next chapter. 
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5 EXPERIMENTAL VALIDATION 
5.1 Introduction 
This chapter describes the experimental investigation conducted on a scale physical model of 
a mechanical hybrid system potentially suitable for vehicle propulsion. The system 
incorporates a high-speed flywheel as temporary energy storage employed for braking and 
acceleration. The system is based on that which was proposed in the previous chapter, 
although the vehicle itself is replaced by a dynamometer that mimics the behaviour of a 
vehicle. In this way, the scale physical model becomes a fixed installation suitable for placing 
in a laboratory. 
The experimental tests conducted to Prove the working concept of the mechanical energy 
storage and transmission system are presented in this chapter. In addition, the ability to 
faithfully model systems of this type dynamically using computational methods in the 
ADVISOR/Matlab platform is assessed and validated by comparison with experimental tests. 
The validation of the principle of operation of the mechanical energy storage system and its 
computation model was required to simulate the performance of real size hybrid vehicles with 
confidence in a later stage of this investigation. 
5.2 Overall design 
The aim of this part of the research was to design, construct and test a small-scale physical 
model (small-scale rig) in order to validate the mechanical hybrid system proposed in Chapter 
4. This small-scale rig was required to demonstrate the transfer of energy between a high- 
speed flywheel and a vehicle during acceleration and regeneration periods. To economise on 
cost and time, it was deemed prudent to reuse some components salvaged from previous 
experiments made at Imperial College and assemble these together in one rig. Indeed, the 
author assisted other students involved in these previous experiments and was well acquainted 
with what was available and what was appropriate to reuse. During the development of the 
new experiments, the manufacturing of additional parts and setting up of new instrumentation 
for the rig was required in order to obtain the necessary measurements. 
The overall design of the rig is illustrated in Figure 5.1, and is characterised by having five 
major components: 
-A high-speed flywheel acting as the energy reservoir. 
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-A dynamometer to emulate the vehicle, and absorb and deliver energy from and to the 
high-speed flywheel. 
- An electric motor that provides energy to charge the high-speed flywheel and torque 
for the transmission. 
-A brake to decelerate the ring of the transmission. 
-A double epicyclic gearbox transmission interconnecting all the components. 
anes for energy diss ipation 
Transmission 33rake 
high-speGlcl 
dynamome-ter FLywheeL 
I H-J+ HI 
Rectric Motor 
Figure 5.1. Overall design of the rig. 
The system follows the structure presented for the mechanical hybrid system shown in section 
4.3.2. The operational configuration of the system and the description of all the components 
are presented in the following sections. 
5.3 Main components 
5.3.1 The initial design of the test rig 
To perform the experimental tests required for this project, an existing test rig was modified 
to produce a new assembly. The original purpose of this test rig, shown in Figure 5.2, was the 
development of a novel transmission for the Shell Marathon Contest to prove the flywheel 
regenerative principle. This work was carried out during an early part of the research by 
imperial College undergraduate students as part of a Design, Manufacturing and Test (DMT) 
project [ 13 4] aided by the author. 
The team succeeded in building a rig with a flywheel and a double epicyclic gearbox to 
transmit power from the flywheel to a rotating vehicle's tyre, used as a crude dynamometer. 
However, the regenerative principle remained unproven, and due to the lack of adequate 
instrumentation, it was not possible to gather sufficient data to validate the operation of the 
system. 
Given that the DMT project was designed at an early stage of this project, the transmission, 
the flywheel and the motor of the DMT rig were utilised in this project for the assembly of the 
rig. The characteristics of these parts are explained in this section. 
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Figure 5.2. Assembly of DMT project (Illustration from Gretion et al. [134]). 
5.3.1.1 The transmission 
The transmission used was a double epicyclic gearbox. This type of transmission was selected 
for the DMT project because of the high ratio required between the flywheel and the driven 
vehicle speed. An electric motor was connected to the ring, the flywheel to the sun and the 
vehicle's tyre to the carrier of the gearbox, as shown in Figure 5.3 (the branches are numbered 
following Figure 4.8 in section 4.3.1). 
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Figure 5.3. DMT transmission configuration. 
The gearbox selected was a double epicyclic gearbox model P62.29 that has a number of teeth 
of S, =8, R, =46, S., = 14, and R, =46, which results in constants of values A =0.9654 and 
B =0.0346. This gearbox, shown in Figure 5.4, has a maximum torque capability of 25 Nm, 
and was ordered from Drivelines Technology [135]. 
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(a) 
ýb) 
Figure 5.4. Photographs of the transmission used for the DMT project showing (a) the double epicyclic gearbox 
and (b) the transmission installed on the bearings. 
Further information on the design of the transmission can be found in [ 134]. 
5.3.1.2 The high-speedflywheel 
The high-speed flywheel was designed, built and connected to the transmission as part of the 
DMT project. It was designed to operate at a maximum speed of 10,000 rpm. Stress and 
vibration analyses were conducted during the design process, including considerations such as 
bearing and windage losses. The flywheel and its containment are shown in Figure 5.5. 
,11, 
ý, I 
Figure 5.5. Photographs of(a) the high-speed flywheel and (b) thc high-specd Ilywheel containment. 
It was made of mild steel with a diameter of 218mm, maximum thickness of 65 111m and 
minimum of 20mm, 0.11 kgm 2 inertia and 15 kg mass. 
Further information on the design and construction of the flywheel can be found in [ 134]. 
5.3.1.3 The electric motor and controller 
The electric motor and controller were selected and implemented in the transmission by 
[134]. The electric motor connected to the ring was an ABB 0.25kW 2-Pole three-phase 
squirrel cage induction motor, wired in A (delta) configuration, suitable for an input voltage 
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of 220-24OV. This two-pole induction motor operates at a synchronous speed of 3000 rpm for 
50Hz electricity supply (when operating in the UK net). The control of the motor speed was 
achieved with an inverter Allen-Bradley Series B 161 rated 1.1 kW. The motor and the inverter 
are shown in Figure 5.6. 
F, xed kwpad 
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(a) (b) 
Figure 5.6. (a) Photograph of the electric motor (Illustralion from RS [136]) and (b) configuration of the inverter 
(Illustrationfrom Allen-Bradley [137]). 
Further information on the selection of the motor and controller can be found in [ 134]. 
5.3.2 The modified test rig 
Further analysis of the rig designed for the DMT project revealed that the use of a tyre acting 
as a dynamometer to emulate the load of a vehicle had the following drawbacks: 
- Insufficient inertia. 
- No clear drag interaction. 
- Uncertainty of the losses in the tyre. 
It was decided to replace it with a new component with a special purpose design. 
5.3.21 The dynamometer 
The dynamometer used to emulate the behaviour of a vehicle was designed and built by Wulff 
[138] as part of his MSc project at Imperial College, assisted by the author. It was designed as 
a low-speed flywheel able to absorb the energy coming from the high-speed flywheel through 
the transmission. Stress and vibration analyses for the dynamometer's flywheel operating at 
450 rpm were conducted to verify a safe operation within this range. The design included the 
implementation of blades to emulate the aerodynamic losses found in automotive vehicles. A 
two-dimensional forward swept blade profile analysis was conducted to determine the blade 
profile. A 20mm thick steel plate was selected and manufactured to be located in a 121-nm 
steel shaft, and 18 blades were installed over its surface to create additional aerodynamic 
losses. Figure 5.7 illustrates the final configuration of the dynamometer's flywheel. it was 
made of mild steel with a diameter of 620mm, a weight of 45 kg, and inertia of 3.4 k gM2 , 
considerably higher than the inertia of the high-speed flywheel. The inertia and loss profile of 
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the flywheel at the dynamometer axle were approximately the same as the inertia and loss 
torque of a small vehicle, as a bicycle. 
Figure 5.7. Photograpli o it tic b) ýý ý,, ii io t,: t t, in,: The high-speed 
flywheel and its casing can be seen behind it. 
Wulff [138] designed the flywheel to be installed on a frame with instrumentation to measure 
on-line the torque and speed produced on the dynamometer's flywheel. However, given time 
constraints his scope was reduced to the manufacturing of the dynamometer, frame and volute 
shown in Figure 5.7 and Figure 5.8, and the complete design for the dynamometer. I 
(a) (b) 
Figure 5.8. Photographs of (a) volute and (b) frame ofthe dynamometer designed by Wulff'[ 138]. 
The instrumentation of the dynamometer, the manufacturing of the interconnecting shafts, and 
the final assembly were then incorporated into the scope of this project. This work was 
conducted following the final design proposed by Wulff, displayed in Figure 5.9. The details 
of the dynamometer instrumentation installed at the rig are discussed in the next section. 
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Figure 5.9. General view of dynamometer test bench (Illustration from Wuffif [138]). 
More detailed infon-nation on the design and construction of the dynamometer can be found 
in [138]. 
5.4 Final experimental rig set-up 
5.4.1 Complete rig configuration 
The configuration for the test rig comprises a brake, the transmission, the flywheel, the motor 
from [134] and the dynamometer from [138], all set in one assembly with the addition of 
instrumentation. Figure 5.10 presents a schematic layout of the experimental rig with a 
photograph of the complete configuration. The epicyclic gearbox and the dynamometer were 
mechanically interconnected by means of a pair of soft couplings axially aligned. Similar 
types of couplings were installed at the torque transducer to minimise the effect of bending. 
Instrumentation to measure speed on the flywheel, dynamometer and ring was located on the 
rig. Additionally, a clutch to disengage the dynamometer from the carrier and brakes 
preventing rotation from the branches of the transmission were implemented. The location of 
all the components instrumented in the rig is identified in Figure 5.10. The constituent parts of' 
the instrumentation layout installed in the rig are detailed in the next section. 
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Figure 5.10. (a) Schematic diagram and (b) photograph of the complete rig showing the main components of the 
mechanical hybrid system and the instrumentation placed on the rig to experimentally investigate its performance. 
Further information on the manufacturing of the interconnecting shafts and final assembly is 
presented in Appendix B. 
5.4.2 Measurements 
The following parameters were measured during each test: 
- Flywheel: rotational speed. 
- Ring: rotational speed. 
- Dynamometer: torque and rotational speed. 
- Motor: electric power. 
5.4.2.1 Measurement of speed 
Hall effect pick-ups (see Figure 5.11) were installed on the ring and dynamometer to feed 
frequency-voltage converters operating within the speed ranges expected for each one. The 
speed of the branches was therefore proportional to its output voltage. These transducers were 
calibrated using an electric motor, whose details are presented in Appendix C. 
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(a) (b) 
Figure 5.11. Photograph of the speed transducer for (a) ring and (b) dynamometer. 
In addition to the speed transducers, encoders were installed on the flywheel and 
dynamometer shafts, shown in Figure 5.12. These encoders gave a number of counts for each 
rotation of the shafts. The encoder installed on the flywheel shaft gave a count of 500 pulses 
per revolution, while the encoder installed on the dynamometer shaft gave 25 counts per 
revolution. The speed was then calculated by correlating the number of counts obtained over a 
period of time. The details of these transducers are given in Appendix C. 
EM 
I igure 12. Plio I ogi ap Iiof the ýp ecd encodc: to i (a) 11) ýý Ii cc I and (b) dN namometcr. 
During the experimental measurements it was found that the signal from the encoders was 
corrupted with electric noise coming from the motor inverter; therefore, the measurements 
from the encoders during motor operation periods were not valid. However, the signal from 
the transducer was not affected by the motor operation; having a double redundancy in the 
speed measurement pen-nitted the verification that the speed of all components was being 
correctly measured. 
5.4. Z2 Measurement of torque 
The torque was measured with a Sensors technology transducer model E300 RWT I -I B able 
to measure torque on rotary shafts using surface acoustic wave (SAW) technology. This 
torque transducer, seen in Figure 5.13 already in position, was installed on the dynamometer 
to provide information on the torque being transmitted through this shaft. With the addition of 
the speed, the power being transmitted via the dynamometer was calculated. 
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Figure 5.13. Photograph of torque transducer installed on shaft. 
5.4.23 Measurement ofpower 
The electric input power was measured with a Voltech power analyser, model PM3000A, 
capable of measuring on-line the input power of the electric motor. This analyser converted 
the power being consumed by the motor to a 0-5 V analogue output, thus acting as a power 
transducer [139]. 
5.4.2 4 Data acquisition system 
The experimental data was obtained by means of a National Instruments card, model 
DAQCard-6024E, that has 16 inputs, 2 outputs and 12-bit multifunction 1/0. Grounded cables 
were installed between an interconnecting block and the instruments. A virtual instrument 
(VI) was designed in LABVIEW to provide an appropriate interface between the analogue 
and digital data. 
Details on the instrumentation used for the experimental test can be found in Appendix C. 
5.4.3 Experimental tests 
The main tests conducted were: 
- Run down test for the dynamometer. 
The dynamometer was accelerated with the motor up to a certain speed and then allowed to 
freely run down coupled to the transmission. 
- Run down test for the flywheel. 
The flywheel was accelerated with the motor up to a certain speed and then allowed to freely 
run down coupled to the transmission. 
- Simple drive cycle. 
This test was designed to validate the principle of operation of the Mechanical Hybrid Power 
train. After charging the flywheel, the torque in the ring was controlled to operate the rig in 
Flywheel Assisted Acceleration and Regenerative Braking (see section 4-2). 
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5.4.3.1 Detailedprocedurefor experimental tests 
The detailed procedure for the tests is presented. Figure 5.14 illustrates the main outline for 
the components of the rig. 
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Figure 5.14. Schematic configuration of test rig to describe detailed operation for the tests. 
Although the three branches of the transmission were able to rotate independently of each 
other (see section 4.3), for certain tests they were prevented from rotating. This was done to 
achieve a particular desired behaviour in the rig. The step-by-step procedure for each test is 
detailed as follows: 
- Run down test for the dynamometer. 
1. Brake I is applied. 
2. Motor is activated and made to accelerate at pre-set rate. 
3. Dynamometer is accelerated until a desired speed is achieved. 
4. Motor is disconnected. 
5. Dynamometer is left to freely run down coupled to the transmission. 
6. The speed on the dynamometer is zero. 
7. End of test. 
- Run down test for the flywheel. 
1. Brake 3 is applied. 
2. Motor is activated and required to accelerate at a pre-set rate. 
3. Flywheel is accelerated until a desired speed is achieved. 
4. Motor is disconnected. 
5. Flywheel is allowed to freely run down coupled to the transmission. 
Option 1, after 5 
6. Brake 3 is released. 
7. Clutch is activated allowing a free rotation of the carrier. 
8. The flywheel speed is zero. 
9. End of test. 
Option 2, after 5 
6. Brake 3 is not released, keeping carrier stationary during the test. 
7. The flywheel speed is zero. 
8. End of test. 
- Simple cycle test (see also section 4.2). 
1. Brake 3 is applied. 
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2. Motor is activated and required to accelerate at a pre-set rate. 
3. FlYwheel is accelerated until a desired speed is achieved. 
4. Motor is disconnected. 
5. Brake 3 is released. 
6. Brake 2 is applied on ring until this branch is stationary. The systern operates in 
Flywheel Assisted Acceleration. 
7. Brake 2 is released. 
8. Motor is activated to accelerate ring. The systern operates in Regenerative Braking. 
9. When the dynamometer is totally braked, the motor is disconnected. 
10. Steps 6 to 9 can be repeated until no more energy is available in the flywheel to 
accelerate the dynamorrieter. 
11. End of test. 
5.4.3.2 Experimental revults - Qualitative view 
5.4.3.2.1 Run down test for the dynamometer 
This test begins with the acceleration of the dynarnorneter using tile motor. The instantaneous 
equilibrium diagram during this stage can be seen in Figure 5.15 (see also Figure 4.4). This 
figure presents a sectioned view to account for the torque equilibrium in tile shafts. 
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From Figure 5.15 it can be deduced that: 
(0(, = (01) (5.1) 
(5.2) 
(5.3) 
co 1" = Ws 
TI, - -T,; 
(5.4) 
in which O)D and T, ý,,,,,. are the speed and torque measured in the dynamometer slial't. 
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These equations are in line with the conventions for ADVISOR (section 3.1) and the 
mechanical storage system (section 4.2). 
The effect of the torque at the dynamometer speed was consistent with the state of 
equilibrium, as demonstrated in Figure 5.16 (that shows the results of a run down test for the 
dynamometer). It is also evident that the torque measured by the sensor showed high- 
frequency torque fluctuations. There was insufficient detailed evidence to determine the cause 
but it was thought that they were caused by vibration in the rig due to an inadequate 
foundation and a misalignment existing between the bearings casings. Although not ideal, this 
mechanical noise did not significantly affect the results for this study, as will be explained in 
sections 5.6 and 5.7. 
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Figure 5.16. Experimental measurements of (a) speed and (b) torque at the carrier during a run down test for the 
dynamometer. 
The power profile, shown in Figure 5.17, was also consistent with the speed of the 
dynamometer; the peaks in the electric power are related to the acceleration periods produced 
on the dynamometer. 
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Figure 5.17. Experimental measurements of (a) power at the motor, (b) speed at ring, and (c) speed at 
dynamometer during a Run down test for the dynamometer. 
When the speeds measured with the encoder and the transducer were examined, it was found 
that they had an excellent agreement, as evident from Figure 5.18. 
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Figure 5.18. Comparison of the experimental speed measured in the dynamometer with the transducer (dashed 
line) and the encoder (continuous line). 
Therefore, it was concluded that the measurements done during a run down test for the 
dynamometer were coherent between them and the investigation could continue. 
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5.4.3.2.2 Run down test for the flywheel 
Figure 5.19 presents the instantaneous equilibrium on the rig during the charging of tile 
flywheel (see Figure 4.3 for another example of the flywheel being charged). From tile 
combination of torque and speed on each branch, we can infer that the energy supplied from 
the motor is delivered to the flywheel. 
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Figure 5.19. Instantaneous equilibrium diagrarn during charging lor a run down test for the 11) %% heel. Ehe arroNk S 
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An example of the measurements for a run down test with the flywheel is shown in Figure 
5.20. This figure illustrates the periods in which the flywheel was charged and was 
subsequently free to run down. It can be seen that when tile motor was activated, energy wits 
fed into the ring of the transmission to accelerate tile flywheel; and when the motor was 
deactivated, both the sun and the ring smoothly run down at a constant ratio by eFf'ect ofthe 
losses in the flywheel and transmission. The negative sign for the ring speed is related to the 
direction of the speed. 
From equation (4.4) it is clear that when the speed of the carrier is zero, file speeds f'or the 
other two branches are in opposite directions. It also shows that the ratio hetwcen them is 
constant, which is evident frorn the experimental results. The speed measured in the flywheel 
with the encoder is presented only when the motor was switched oil'. As mentioned before, 
the counts obtained during motor operation periods were discarded due to the electrical noise 
induced to the encoders by the controller. 
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Figure 5.20. Experimental measurements of (a) power at motor, (b) speed at ring, and (c) speed at sun during a run 
down test for the flywheel. 
The speed at the sun can be calculated, from equation (4.4), if the speeds at ring and carrier 
are known. Hence, the speed at the flywheel was calculated with the measurements from the 
transducers. Figure 5.21 presents the speed calculated with equation (4.4) along with that 
measured with the encoder. It was found that these speeds were almost equal, which supports 
a correct measurement at the ring and carrier. The peak found at the initial acceleration was 
produced by a rapid acceleration at the flywheel at the initial load. Therefore the 
measurements for the speed transducer at the beginning of the test, when the flywheel started 
its rotation, were not valid. 
00 
50 
40 
30 
20 
10 
D 
) 
:i 
Mme (90c) 
Figure 5.21. Comparison of experimental (continuous line) and calculated (dashed line) flywheel speed during a 
run down test for the flywheel. 
Again, it was concluded that the measurements during this test were valid to continue the 
research. 
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5.4.3.2.3 Simple cycle test 
The final experiments conducted were simple cycle tests in which energy was transferred 
frorn the flywheel to the dynamometer and vice versa. Diagrarns of the equilibrium status 
during the operation of the hybrid system are presented in Figure 5.22. These are in line with 
the principle of operation of the hybrid system shown in Figure 4.3 and Figure 4.4. 
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Figure 5.22. Instantaneous equilibrium diagram at transmission of a simple cycle test during (a) Rcgencrali%c 
Braking and (b) Flywheel Assisted Acceleration. Arrows indicate direction oftorque and speed. When both arc in 
the sarne direction energy enters the transmission. Otherwise, energy is leaving (see also Figurc 4.3 and Figure 4.4, 
page 101, for reference). 
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An example of the speed in the flywheel existing during this test is presented in Figure 5.23. 
When the speed measured at the sun was compared with that calculated from equation (4.4), it 
was found that a good correlation exists between those values. Hence, with these results it 
was concluded that the speeds measured in all branches were correct and consistent. 
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Figure 5.23. Flywheel speed in a simple cycle test. [Top] Flywheel speed experimentally measured with the 
encoder [Bottom] Comparison of experimental (continuous line) and simulated (dotted line) flywheel speed. 
After charging the flywheel, the brake and the motor were activated to operate the mechanical 
hybrid system in Flywheel Assisted Acceleration and Regenerative Braking. This was 
repeatedly achieved with the rig, as seen in Figure 5.24. The change in direction of the torque 
measured with the sensor indicated a different operating mode in the system. The speed at the 
ring and dynamometer was consistent with this measurement. This consistently proved the 
principle of operation. A more detailed analysis will be given in section 5.7.2. 
139 
9: 400 
CD 
C3ý5 200 Q- 
Ez* 
- 10 
ýower --t-r 
---------------- -------- -------- I ------ ------------ 
----------------------- --------------- ------------ 
ii L-i ! 0, °d 100 200 300 400 50U UUU Iuu öuu 
Time (sec) 
k J., 
------------- ------- 
L 
------- -------- 
------ ..... Torque at se F-L 
0 100 200 300 400 500 600 700 800 
Time (sec) 
0 
Ln 
-10 
-20 
-020- 
15 
co 
:; 5 lo C) 
(D 
OL 
U) 
0 100 200 300 400 500 600 700 800 
Time (sec) 
(d) 
Figure 5.24. Experimental measurements of (a) power at the motor, (b) torque at the sensor, (c) speed at the ring, 
and (d) speed at the dynamometer during a simple cycle test. 
In conclusion, the three proposed tests were successfully conducted. In total, 8 run down tests 
with the flywheel, 6 run down tests with the dynamometer and 10 simple cycle tests were 
conducted. On every occasion, a consistent pattern was found on the torque and speed 
measured of the rig, as evident from Figure 5.25 and Figure 5.26, which present examples of 
other tests. More detailed analyses of the behaviour of the branches during the tests will be 
presented in the ensuing sections. 
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Figure 5.25. Experimental measurements of [clockwise direction from upper left comer] power at motor, speed at 
ring, speed at dynamometer, and torque at dynamometer for (a) run down test for the flywheel, and (b) run down 
test for the dynamometer. 
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Figure 5.26. Experimental measurements of (a) power at motor, (b) torque at dynamometer, (c) speed at ring and 
dynamometer, and (d) speed at flywheel for a simple cycle test. 
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5.5 Test rig SIMULINK model. 
Additional blocks were developed in SIMULINK for the calculation of torque and speed. The 
architecture was determined by analogy with the ADVISOR structure. Figure 5.27 illustrates 
that the input for the rig model is the speed profile of the dynamometer along time; the model 
then calculates the torque at the carrier. This torque is then conveyed to the energy storage 
system block, where the step-by-step procedure shown in Figure 4.12 is followed. 
Experimental 
d rivi ng cycl e fro m 
Dynamometer 
dynamometer 
I 
on orgy storage 
Figure 5.27. Rig model in SIMULINK environment (see also Figure 4.2 1). 
The objective of this analysis was the validation of the computational model of the 
Mechanical Hybrid Power train. To achieve this, maps of losses in the various elements of the 
power train were needed. These maps were created from experimental data, whose 
development is explained in the succeeding section. 
5.6 Development ofmapsfor the simulation 
Maps to account for the losses in the power train were developed to validate the flywheel and 
transmission models. For the calculation of these losses, the rig was divided into segments, 
each comprising a major element of the power train. Subscripts were assigned to the segments 
in accordance with the name of the elements to which they related as follows: F=Flywheel, 
T=Transmission, M=Motor, D=Dynamometer and S=Sensor for torque measurement. As 
displayed in Figure 5.28, the losses in the system were divided into three main segments: FT, 
MS and SD. 
F 
D 
Figure 5.28. Subscripts arrangement for loss maps. The loss maps were calculated considering three main 
segments, termed Fr, MS and SD. 
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Segment SD for the dynamometer. The loss map for the dynamometer includes the losses 
from all the bearings in the segment SD and the aerodynamic effect of the blades. The 
corresponding torque value for the loss was termed TsD. 
Segment FT for the flywheel. The losses of the flywheel were considered from the flywheel 
to the boundary of the transmission. Hence, this map contains only the losses from bearings 
and windage at the flywheel, named TpT. 
Segment MS for the transmission. The losses from the motor to the sensor were considered 
for the losses at the transmission. Hence, the losses from the geared connection between ring 
and motor and the bearings between transmission and sensor were included in this map. These 
losses were termed Tms. 
The details for the development on the maps are presented in the coming sections. 
5.6.1.1 Dynamometer 
With reference to the ADVISOR architecture, this loss map would be equivalent to the 
aerodynamic drag and rolling resistance from the vehicle during driving (see equation (3.1)). 
The vanes installed on the dynamometer surface emulated the aerodynamic drag and the 
bearings emulated the rolling resistance of the vehicle. Since the mechanical layout of the 
segment SD does not have any geared element, it was expected that the losses would be 
predominantly given by the rotational speed of the dynamometer. However, misalignment 
existing in the bearing casings caused additional losses in the bearings. Due to time 
constraints, it was not possible to correct this misalignment, and therefore, instead of having a 
speed-dependent map, these losses were correlated to both speed and load from the 
dynamometer. The measurements acquired from the run down and simple cycle tests were 
used following the principle stated below. 
The dynamic equilibrium in the segment SD is given ýy: 
dWD 
TSensoo, = ID ý, - +TSD (5.5) 
in which ID is the inertia of the dynamometer. 
Figure 5.29 displays a visual explanation of equation (5.5) during acceleration. 
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TSensor D 
D 
Figure 5.29. Example of instantaneous equilibrium for segment SD during acceleration of dynamometer showing 
torque at sensor (TSensor), torque due to kinetic energy (ID dWDldt) and torque due to losses from the segment 
SD( TSD). 
For a discrete time and rearranging for TsD, equation (5.5) becomes: 
TSD 
-'ý 
TSensor - !D 
AOJD 
(5.6) 
At 
Thus, with equation (5.6), the losses at the segment SD could be correlated with the speed 
measured at the flywheel and the torque measured at the sensor. 
A typical example of the torque loss TSD calculated with equation (5.6) is illustrated in Figure 
5.30(a). At the beginning of the test, the torque Ts,,,,,, is high due to the acceleration of the 
dynamometer. When the dynamometer becomes stable acceleration is nearly zero, thus the 
sensor measures only the loss TSD. It is evident that the torque TSD calculated with equation 
(5.6) tends to be constant along these periods. To create the map, the mean value of TSD 
during acceleration and steady state was calculated, as visible in Figure 5.30(b). 
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Figure 5.30. Example of calculation of (a) instantaneous TSD and (b) mean TSD following equation (5.6) with 
experimental data to determine the map for the losses at the dynamometer. 
Subsequently, the values found from the test were averaged and smoothed in a two 
dimensional map. The map calculated from this test is displayed in Figure 5.3 1. The pattern is 
consistent with an increase in losses as the speed or the acceleration at the dynamometer 
increases. 
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Figure 5.31. Map of dynamometer losses from simple cycle test data. 
Since the range calculated with this method covered only limited operation, the map was 
extended calculating TsD with experimental information from the run down tests following 
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equation (5.6). The complete loss map for the dynamometer is presented in Figure 5.32. This 
map also includes the effect of the starting friction or stiction presented at the initial motion of 
the dynamometer. 
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The loss map was verified by calculating TSensor with the experimental velocity profile, wD, 
and the loss TSD from the map. Inspection of Figure 5.33 reveals that the torque TSnsor 
simulated oscillates around that measured at S for a simple cycle test. 
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Figure 5.33. Comparison of the torque measured at the sensor (continuous line) with that calculated from the 
simulation (dotted line) to verify loss map for dynamometer block. The speed at the dynamometer (dashed line) is 
shown as reference. 
5.6.1.2 Flywheel and Transmission. 
The determination of the maps for the flywheel and transmission are presented in the same 
section, given the high interaction between these two elements. 
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Figure 5.32. Map of losses for dynamometer block. 
5.6.1.2.1 Flywheel. 
The losses of the flywheel are attributed to windage and bearing operation during rotation. If 
the flywheel is accelerated and then left to freely run down, the losses will be given by (with 
reference to equation (4.35)): 
A 
T17 =1 f- At (5.7) 
The ideal test is to accelerate the flywheel up to its maximum operational speed and let it run 
down freely. This was attempted by accelerating the flywheel with a turbo charger (presented 
in Figure 5.34) but due to resonance problems with the latter, it was possible to satisfactorily 
conclude this test only at 25% of the full range. Consequently, to acquire data to estimate TFT 
for the full speed range, additional run down tests with the flywheel mounted on the rig were 
conducted (those seen in section 5.4.3). 
Three types of tests were conducted to determine the losses TFT, written below: 
" Run down test with the flywheel accelerated with the turbocharger (Figure 5.34). 
" Run down test for the flywheel (section 5.4.3.1), option I (carrier with brake applied). 
" Run down test for the flywheel (section 5.4.3.1), option 2 (carrier rotating freely). 
The results of these tests were combined to estimate the loss map for the section FT. The 
principle for the estimation of TFT is the difference in losses at the transmission for each test. 
When the flywheel was accelerated with the turbocharger, the windage and frictional losses of 
the flywheel were the only forces causing a deceleration. In contrast, during the Run down 
test for the flywheel, losses from the transmission were added, resulting in a higher value for 
TFT. Between options I and 2, the higher loss would be for the first option. This is because the 
brake at the carrier adds another force. Evidence of this is displayed in Figure 5.35. This 
figure illustrates the torque TFT calculated in all the tests conducted. The higher losses 
occurred when the brake at the carrier was applied. At low speed the losses were nearly the 
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Figure 5.34. Photograph ot'llywheel and turbocharger set up to estimate Tl T- 
same for the options I and 2 of the Run down test for the flywheel. This was because at low 
speed the friction torque in the bearings of the carrier was higher than the equilibrium torque 
at the carrier, thus the carrier stopped. Having the carrier stationary created a similar effect as 
if the brake were applied. Regarding the loss from the flywheel decoupled from the 
transmission (when it was accelerated with the turbocharger), it is visible that although 
limited in speed range, it is the lowest from all tests. 
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Figure 5.35. Illustration of the torque loss TFT calculated with flywheel decoupled from transmission (dots), 
carrier with brake applied (dashed line), and carrier rotating freely (dotted line) tests. 
The maximum and minimum TFT was thus estimated using the results of all the tests. The 
map calculated with this methodology can be seen in Figure 5.36, labelled 'Loss flywheel 
TFr'; the experimental values are shown for reference. For this case, the losses depend only on 
the speed of the flywheel. 
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Figure 5.36. Map of losses (continuous line) for flywheel block estimated by combining the torque calculated with 
flywheel decoupled from transmission (dots), carrier with brake applied (dashed line), and carrier rotating freely 
(dotted line) tests. 
5.6.1.2.2 Transmission 
The loss map for the transmission was very difficult to estimate. The objective was to 
determine the efficiency of the transmission for a particular torque and speed. Unfortunately, 
due to time constraints, it was not possible to carry out an experimental measurement of the 
"eel TFr 
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temperature during transmission operation, a well-known method to determine the losses. 
Hence, the efficiency was determined by means of the acceleration and deceleration rate 
found when the flywheel was accelerated and then allowed to run down having the carrier 
stationary. It is recognised that it is not the best method but it was possible to estimate the 
efficiency to an acceptable degree given the available data, as explained below. 
From Figure 5.22 and with reference to equations (4.25), (4.3 1) and (4.32), T)j, is calculated 
with the equations written below. 
During charging of flywheel: 
Tf,, = BTcl7GB 
(5.8) 
During discharging of flywheel: 
Tfi-I = 
BTc 
(5.9) 17GB 
Similar to equation (5.5), instantaneous torque equilibrium during acceleration of the flywheel 
is given by (see also equation (4.37)): 
Acof (5.10) 
Iw +T =T At FT fW 
which combined with equation (5.8) and Figure 5.22, yields to: 
If. 
AO)fw 
+ TFT = BTci7GB 
(5.11) 
At 
In analogy, the instantaneous torque equilibrium during flywheel deceleration is given by: 
AQ'f'V 
T BT ifil 
At n=C 
(5.12) 
qGB 
Figure 5.37 shows a visual example of the solution of equations (5.11) and (5.12) including 
T&,,, The torques TC and TS,,,.,, are correlated with equation (5.2). 
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Figure 5.37. Illustration of the effect of efficiency at transmission following equations (5.8) to (5.12) during (a) 
charging and (b) discharging of the flywheel. 
150 
The effect of the losses TFT is illustrated in Figure 5.38. This figure shows the results from a 
test at the flywheel being accelerated from rest up to 685 rad/sec and then allowed to freely 
run down (the speed can be inferred from TFT and Figure 5.36). It can be seen that despite 
having a torque at the sun BTC nearly constaný the torque due to kinetic acceleration 
(If,, Jcof, 1, Jt) is much lower at high speed. This is because the losses at the flywheel increase 
with speed. 
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Figure 5.38. Variables of equations (5.11) and (5.12) during acceleration of flywheel that exemplify the effect of 
the losses at the flywheel. 
The information from this figure was also useful to analyse the effects of the efficiency at the 
transmission. By using equation (5.11), it was found that the efficiency of the transmission 
has a value near 90%. Evidence of this is given in Figure 5.39(a), This value is valid only 
when high torque is being transmitted through the epicyclic gearbox. At low torque (as during 
the run down stage), the efficiency drops to 55%, as seen in Figure 5.39(b). 
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Figure 5.39. Variables of equations (5.11) and (5.12) during a flywheel run down test to determine the efficiency 
at the transmission during (a) acceleration and (b) deceleration. 
To create the loss map for the transmission, an existing loss map was modified from 
ADVISOR to match the values found from this analysis. In this map, at low torque the 
efficiency tends to be 0.55, whereas at high torque it tends to be 0.90. The inap for the 
transmission block is shown in Figure 5.40. 
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Figure 5.40. Map of efficiency for transmission block. 
With the definition of this map, the maps required to run the simulation of the tests were 
completed. The results obtained with these simulations are discussed in the following section. 
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5.7 Comparison of results and discussion 
This section presents the results obtained with the computational SIMULINK model of the 
rig. To assess its performance, comparisons with experimental results are analysed and 
presented in this section. Moreover, analysis of energy consumption for the elements of the 
system is also discussed. 
5.7.1 Run down test for the flywheel 
The simulation of the run down test for the flywheel was conducted in order to evaluate the 
performance of both the transmission and flywheel models. For this test, the torque at the 
sensor Ts,,,,, was set as the input for the energy storage system block (see Figure 5.27). 
Figure 5.41 displays the results of a simulation with the flywheel being charged and then 
allowed to run down; the crosses indicate the simulation values. The agreement between the 
experimental and the simulation values was considered satisfactory, with a maximum 
difference in speed of 2.33% of peak value for all the tests. 
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Figure 5.41. Comparison of experimental (dashed line) and simulated (crosses) flywheel speed during a run down 
test for the flywheel. 
The results obtained with this test implied that the flywheel and transmission model were 
operating appropriately and their loss maps were correct. Further confirmation can be seen in 
Table 5.1, which summarises the experimental and simulated results for the energy consumed 
for the flywheel during deceleration for all the tests. The maximum difference in Energy is 
5.50% (average of -1.51%), which indicates a close correlation between the simulation and 
the experiments. 
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Table 5.1. Differential of energy during run down test for the flywheel. 
dEFwExp. [kJ]l dEFW SiM- [kJ1 % diff 
Test 1 -27.88 -29.41 5.50 
Test 2 -27.06 -27.47 1.50 
Test 3 -28.35 27.77 -2.06 
Test 4 -24.43 -23.83 -2.47 
Test 5 --26.24 -24.85 -5.31 
Test 6 -25.90 -25.79 -0.44 
Test 7 -25.25 -24.26 -3.91 
Test 8 -26.01 -24.74 -4.89 
1 dEFw=Differential of energy during deceleration of the flywheel, Exp. =Experimental, Sim. =Simulated. 
The power being consumed by the motor was compared to that simulated at the ring branch. 
This was conducted to gain an insight into the efficiency of the motor, and to verify that the 
simulation was reflecting the motor operation. Figure 5.42 presents a graph with the measured 
electric power consumed by the motor and the power simulated at the ring. It can be seen that 
the power demand simulated at the ring is consistent with the electric power experimentally 
measured at the motor input. Also, it verifies that when the motor is operating, its power is 
always higher than the power at the ring, giving motor efficiencies less than unity. 
Additionally, as evident from Table 5.2, the overall efficiency of the motor remains around 50 
percent for all the flywheel acceleration periods. This was expected given the similar 
conditions of the tests during the charging of the flywheel. 
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Figure 5.42. Comparison of the power measured at the motor (continuous line) with that simulated at the ring 
(dashed line) during a simple cycle test. 
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Table 5.2. Results for electric power consumption during flywheel acceleration. 
Power consumed 
motor Experimental 
[kJ] 
Power consumed ring 
Simulated 
[kJ] 
% 
Test 1 NA' 47.91 NA' 
Test 2 NA' 47.61 NA' 
Test 3 88.02 46.07 52.34 
Test 4 79.36 36.94 46.54 
Test 5 84.8 38.90 45.83 
Test 6 81.30 41.19 50.66 
Test 7 78.14 36.10 46.20 
Test 81 87.50 39.60 45.26 
'NA= Not Available 
5.7.2 Simple cycle test 
5.7ZI Validation of the principle of operation 
The final part of this chapter consists of a detailed analysis of the simulation of a simple cycle 
test. The aim was that the software would accurately estimate the energy consumed from the 
flywheel given a speed profile from the dynamometer. However, the first step was to 
determine if the model was able to simulate the effect of the acceleration and losses at the 
dynamometer. 
A simple segment of acceleration and deceleration of the dynamometer (Figure 5.43) was 
used to analyse the performance of the model during this section. 
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Figure 5.43. Simple segment of acceleration and deceleration of the dynamometer showing the speed measured at 
the dynamometer (continuous line) and the power at shaft of dynamometer (dashed line). The power measured at 
the motor (dotted line) is shown to illustrate a Regenerative Braking period. 
The equilibrium at the dynamometer segment establishes that: 
PSensor `ý PD + PloisSD (5.13) 
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where Ps., = power at dynamometer shaft (given by COD and Ts,,,,, ), PD = power at 
dynamometer (given by inertial acceleration or deceleration), and Pj'. 'sD = power related to 
losses in the segment SD- 
Figure 5.44 illustrates the power at the dynamometer during the segment. Inspection of this 
figure indicates that this equilibrium was always fulfilled during the simulation. The effect of 
the losses in the dynamometer is clearly seen by the difference between PS,,,,, and PD. This 
figure confirms that the calculation of the torque at the carrier (Tc) considers the effect of the 
losses at the dynamometer segment. 
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Figure 5.44, Comparison of PS,., (continuous line) with the power due to dynamometer's speed and inertia 
(dashed line) during a simple cycle. Power loss Pi,,,, SD (dotted line) is shown to illustrate equilibrium. 
Once Tc was determined, the torque at the other two branches (Figure 5.45) was calculated 
following the procedure indicated in Figure 4.12. From Figure 5.45, the torque at the sun was 
used to calculate the speed at the flywheel (see equation (5.4) and Figure 4.15). 
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Figure 5.45. Torque at the experimental rig transmission branches during a simple cycle. 
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The calculation of the flywheel speed was validated by verifying the equilibrium on the 
power being transmitted through the sun and the losses FT as in (see also equation (4.39)): 
Pfiv 
sha - rfi 
ý PF + PlossFT 
(5.14) 
where Pfw_2shqrfi ý power at input shaft of flywheel, PF = power at flywheel (given only by 
inertial acceleration or deceleration), and Pi,., FT= power related to losses in the segment FT. 
Inspection of Figure 5.46 corroborates the state of equilibrium during the simulation. It also 
illustrates the inclusion of the losses at the flywheel in the simulation given the difference 
between Pf,, 
_,, h,, fl 
and PF. 
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Figure 5.46. Comparison ofthe power at the flywheel shaft (dashed line) with that finally stored in the flywheel 
(dotted line). The power loss at the segment FT (continuous line) is shown to illustrate the equilibrium at the 
segment FT. 
Figure 5.47 presents the complete performance of the system as the ring was braked and 
accelerated producing energy flow at the transmission. 
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Further explanation is shown in Figure 5.48 illustrating the power flow in all branches of the 
transmission during the cycle, a positive value indicates energy entering the transmission. The 
values shown in this figure are coherent with energy being transferred from the flywheel to 
the dynamometer and vice versa by controlling the torque at the ring. This is the operating 
principle of the mechanical energy storage system (see Figure 4.23). 
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Figure 5.48. Power profile at the rig transmission during a simple cycle. 
As indicated in section 4.3.3, power losses always exist in the transmission as long as there is 
power flowing through the branches. Given the configuration of the transmission, they could 
be associated to either the ring or the carrier, as shown in Figure 5.49. During the initial stage, 
only the ring adds losses to the transmission because at that time the carrier is stationary. 
When the brake at the ring is applied and it remains with no rotation, the same effect occurs at 
the ring. If the two branches are rotating, losses are induced in the transmission due to both 
the ring and the carrier. As indicated before, they are always negative given its frictional 
nature. 
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Figure 5.49. Losses at the ring (continuous line with dots) and carrier (dashed line) of the transmission during a 
simple cycle. 
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From the analysis conducted on the experimental results it was concluded that the principle of 
operation of the mechanical hybrid vehicle as proposed in Chapter 4 had been validated. The 
speed, torque and power profiles were in good agreement with the example presented in 
section 4.8. The next step was the validation of the numerical values. This was done by 
analysing the two most distinctive results. 
5.7. Z2 Validation of numerical values 
Figure 5.50 presents the closest and the worst results obtained from the simulation of the 
simple cycle test with the maps presented in section 5.6, and following the methodology 
explained in sections 4.3.3,4.4.1 and 4.8. In both cases the simulated flywheel speed follows 
the pattern of the experimental data; however, in one of the tests, the speed deviates much 
more. It can be attributed to the use of experimental maps that do not include the effect of 
transients that over- or under-estimate the losses occurring at the other components. However, 
this inaccuracy does not significantly impact the overall results. Evidence of this is presented 
in Table 5.3 that shows the energy consumed by the flywheel. It corroborates the good 
agreement with the predicted energy consumption, which remained for most of cases within 
4% of the experimental values. 
4 
3 
I 
I 
UU Sp:: d 11, ywh::: (sun) - experiment ol 
50 
Sp dlywh (sun) - simulated 
00- 
50 
00- 
50- 
00 0 
eo- 160 150 200 250 
1 ime (Sec) 
700 
600 
500 
400 
300 
200 
100, 
"N., 
100 200 300 400 
Time (sec) 
(b) 
Figure 5.50. Comparison of flywheel speed experimentally measured (continuous line) with that simulated (dotted 
line) for (a) simple cycle test I and (b) simple cycle test 2. 
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Table 5.3. Energy consumed by flywheel during segments of simple cycle test. 
Test Segment 
Eneqy consumed Energy consumed Deviation (*1o) 
I 
experimental (. 9 simulated ( :0 
1 
2 
3 
4 
5 
2.71 
0.97 
0.68 
0.42 
0.27 
2.52 
0.97 
0.70 
0.43 
0.30 
-7.13 
0.13 
3.33 
2.30 
10.18 
1 7.29 7.30 0.13 
2 2.77 2.83 2.31 
3 2.11 2.05 -2.84 
4 1.33 1.33 -0.48 
cli 5 
1.21 1.20 -1.19 
6 1.00 0.97 -2.49 
7 0.69 0.67 -2.55 
8 0.69 0.66 -4.51 
9 0.41 0.40 -3.92 
10 0.32 0.30 -4.63 
11 0.20 0.19 -3.66 
Further evidence is displayed in Figure 5.5 1, which presents the deviation of energy simulated 
with regard to that measured from all the cycles of the tests. An average deviation of -1.84 % 
was found. 
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Figure 5.51. Deviation for differential of energy during simulation. 
Therefore, in conclusion, the results obtained with the simulation implied that the 
assumptions made for the principle of operation of the mechanical hybrid system were correct 
and that both the models and the maps had been correctly implemented in SIMULINK. This 
indicated that the model could be used with confidence to analyse the performance of the 
power train during Flywheel Assistance Acceleration and Regenerative Braking. 
Undoubtedly, the process of verifying the performance of the model required having both 
good understanding of the physics implicated in the rig, and a good knowledge of the 
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computational platform used. This allowed the author to acquire a familiarity with the physics 
involved in the system and understand the limitations of the software. 
5.8 Summary and conclusions 
An experimental investigation was conducted on a scale physical model of a mechanical 
hybrid system potentially suitable for vehicle propulsion. The system incorporated a high- 
speed flywheel as temporary energy storage employed for regenerative braking and 
acceleration. The test rig was developed and built by combining elements from previous 
projects at Imperial College. Instrumentation to measure the torque and speed profile of the 
transmission during the test was installed on the rig. The objective of this experiment was to 
validate the principle of regeneration of energy by using a high-speed flywheel, a planetary 
gearbox, a motor and a brake. Various tests were conducted on the components of the rig that 
recurrently proved this principle. Additionally, a SIMULINK model of the complete test rig 
validated the computational models of a flywheel and a planetary gearbox previously 
presented in sections 4.3.1 and 4.4.1. The mechanical behaviour of the complete rig was 
consistently simulated. This validated the models for both components and confirmed the 
viability of the SIMULINK structure to conduct computational analyses on power train 
systems. Once the principle of the mechanical energy regeneration and the SIMULINK 
models had been validated, the next step was to analyse and assess the mechanical hybrid 
transmission as could be implemented in a full size vehicle. The models for a full size vehicle 
and the analysis of its operation are presented in the next chapter. 
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6 MODELLING OF POWER TRAIN CONFIGURATIONS 
in the previous chapters, a Mechanical Hybrid Power train based on the principle of using a 
flywheel to store energy during regenerative braking was proposed and validated. The use of 
a planetary gearbox, a high-speed flywheel, an engine, and a conventional transmission form 
the basis of the concept of a Mechanical Hybrid Vehicle. A vehicle of this type would 
potentially lead to reductions in fuel consumption and emissions. To assess the potential 
savings and determine the operation strategy during hybrid operation, full size hybrid vehicles 
were devised and simulated in ADVISOR. This chapter describes various mechanical power 
train configurations and their associated computational simulation models, these being 
simulated both for a medium size car and a Passenger Bus. The energy savings and 
performance achieved were compared with the results obtained for simulations of similar 
vehicles with a conventional power train to assess the benefits of the hybrid power train. The 
strategy for the determination of the optimal configuration is also presented and discussed in 
this chapter. 
6.1 The conventional vehicles 
This chapter initially concentrates on the analysis of the operation of two conventional 
vehicles to define the baseline for the assessment of the Mechanical Hybrid Vehicle. Two 
vehicles were used for this analysis: the Ford Focus Estate (section 3.2.1) and a Passenger 
Bus created from an existing model in ADVISOR. The main characteristics of these vehicles 
are summarised in Table 6.1. 
Table 6.1. Data for simulations of conventional vehicles. 
Description Focus Passenger Bus Units 
Gross vehicle mass 1441 13688 kg 
Load mass 70 1837 kg 
Frontal area 2.06 7.24 m2 
Radius of wheels 0.282 0.50 m 
Friction coefficient 0.009 . 
00094 
Aerodynamic drag coefficient 0.3120 0.79 
Transmission ratio 3.25/1.99/1.14/0.77/0.60 3.43/2.01/1.42/1.0/0.83 
Final drive ratio 3.84 4.33 
Maximum speed 4400 2400 rpm 
Maximum power 65 @4400rpm 205 @2180rpm kW 
Maximum torque 184 @ 20OOrpm 1085 @ 1420rpm Nm 
Each vehicle was simulated following a particular drive cycle with a time step of 0.3 seconds. 
The Focus Estate followed the standard Federal Urban Driving Schedule (FUDS) cycle and 
the Passenger Bus followed a UK Bus city drive cycle taken from the ADVISOR library. 
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These drive cycles, shown in Figure 6.1, have a common feature: various stops and 
continuous acceleration and deceleration periods. The main parameters of these drive cycles 
are surnmarised in Table 6.2. 
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Figure 6.1. [Top] Vehicle speed and [Bottom] final drive power profile of (a) FUDS cycle and (b) UK Bus cycle 
Table 6.2. Main parameters of drive cycles. 
Description FUDS UKBus 
Distance (km) 11.99 12.04 
Duration (seconds) [hr] 1369 [0.37] 3288 [0.91] 
Maximum speed (km/h) 91.25 41.96 
Average speed (km/h) 31.51 13.18 
Maximum acceleration (m/sec 2) 1.48 1.31 
Maximum deceleration (m/sec? ) -1.48 -1.66 
Average acceleration (m/sec2) 0.50 0.39 
Average deceleration (m/seC2) -. 58 -. 51 
Number of stops (event) 17 47 
There are also periods when the vehicle is stationary, and the effect of these intervals can be 
significant. When the vehicle is stationary the engine is decoupled from the final drive and 
stays idling consuming fuel and emitting pollutants to the environment. In addition, when the 
vehicle accelerates, the engine is then required to accelerate the vehicle from rest, causing a 
period of low efficiency operation. An example of this is given in Figure 6.2, which presents 
the fuel consumption rate and efficiency of the Bus during operation. The efficiency is 
calculated as the differential of energy at the final drive divided by the differential of energy 
from the fuel consumed by the engine at each time step, thus it equals zero during idling or 
braking. 
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Figure 6.2. Results of the simulation of the conventional Bus following the UK Bus Cycle. (a) Fuel consumption 
rate (aleatory segment), (b) fuel consumption rate versus vehicle speed, (c) efficiency (aleatory segment), and (d) 
efficiency versus vehicle speed. 
The overall efficiency of the Focus Estate and Passenger Bus during acceleration is presented 
in Table 6.3. It was calculated by dividing the total energy required at the final drive to 
accelerate the vehicle by the total energy contained in the fuel. The overall vehicle efficiency 
was near the bottom range of the efficiency of the engine (see Figure 6.3). This suggests that 
out of all the components along the power train, the engine is predominantly responsible for 
poor efficiency. Therefore, less use of the engine would increase the overall efficiency of the 
vehicle. The values given in Table 6.3 were set as the baseline for the analysis of the 
mechanical hybrid vehicle. 
Table 6.3. Results from simulation of conventional vehicles. 
0.4 - 
0.3 
2 
0 
n5o 1300 1350 1400 
Description Focus Bus 
Energy to accelerate vehicle 5.28 50.02 Mi 
Energy to decelerate vehicle 2.26 28.71 Mi 
Energy from fuel 23.07 198.03 Mi 
Overall efficiency vehicle 0.229 0.252 
Fuel consumed by engine 0.1402 1.2196 UK gallon 
Fuel economy 53.12 6.14 mpg 
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Figure 6.3. Engine operating points being overlapped on engine efficiency map for (a) Passenger Bus and (b) 
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6.2 Control strategyfor the mechanical hybrid system. 
6.2.1 Variables for the control strategy of the system. 
The control strategy for the operation of the hybrid system is based on the speed of the sun 
(flywheel), ring and carrier (vehicle) and the torque requested at the final drive. 
The effect of the flywheel speed in the hybrid system operation depends on three pre- 
established values, named as: 
Flywheel operating speed. 
Flywheel minimum speed. 
Flywheel maximum speed. 
In addition, the engine will be turned on and off and the operating mode of the systern will be 
detennined depending on: 
" Carrier speed. 
" Ring speed. 
" Flywheel operating, minimum and maximum speed. 
0 Torque requested at final drive (to determine if vehicle is accelerating). 
The flowchart for the operation of the engine and hybrid system is shown in Figure 6.4. 
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Figure 6.4. Flowchart for control strategy of Mechanical Hybrid Vehicle. 
Examples of the operation of the system depending on these speeds are given in the coming 
sections. 
6.2.2 Operation of the system during initial stage. 
With reference to the mechanical hybrid system presented in section 4.3.2, the example of 
operation shown in section 4.8, and the experimental results shown in section 5.7.2, it was 
proven that energy could be stored in a flywheel and re-used to accelerate a vehicle. Here, the 
mechanical hybrid system generally worked by applying a torque at the ring as long as it 
rotated in a direction opposite to that of the other two branches. However, if all branches 
rotate in the same direction, regeneration is also possible. This can be done by applying the 
brake at the ring. Figure 6.5 presents the equilibrium during Regenerative Braking using the 
brake (see section 4.2 for the equilibrium in the other modes). In this case energy enters via 
the carrier and leaves the epicyclic gearbox through the ring and sun. 
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Figure 6.5. State of equilibrium during Regenerative Braking with all branches rotating in the same direction. 
A good example of this condition is given when the mechanical hybrid system initiates its 
operation and the flywheel is stationary. By inspecting equation (4.4) and Figure 4.7 it is clear 
that if the carrier rotates in a positive direction and the sun is stationary, the critical speed of 
the ring can only be in the same direction as the carrier. Therefore, the brake at the ring 
should be used to charge the flywheel during the initial operation of the hybrid system. Figure 
6.6 presents the operation of the Hybrid Focus following the single drive cycle with the 
flywheel initially stationary. Given that the ring has a positive speed at the start, the brake is 
applied to store energy (A) until it is stationary. Although energy is lost at the ring, part of the 
energy from the carrier is stored in the flywheel. To continue braking, the ring is motored (B). 
At this point, energy is added to the flywheel from both motor and carrier. Further 
explanation is given in Figure 6.7, in which the fuel consumption rate from the engine during 
conventional and hybrid operation is presented. In this figure it is evident that the hybrid 
vehicle operates as a conventional vehicle at all times except for the final period (B). It can be 
seen that during the initial period of regeneration (A), the conventional and hybrid vehicles 
have nearly the same fuel rate since the engine in both cases is idling. This occurs because the 
control strategy is set to keep the engine on at all times as long as the flywheel speed is below 
the flywheel minimum speed (see Figure 6.4). 
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Figure 6.6. Variations in speed at the sun (Wsun/I 0), carrier (Wcarrier) and ring (Wring) as power is transmitted 
from carrier (Pearrier) to flywheel (Pflywheel) during initial acceleration of flywheel - Hybrid Focus following the 
single drive cycle. 
The additional fuel consumed by the hybrid version during braking (B) is due to the 
additional load requested to the engine by the motor. Figure 6.7 also shows the additional fuel 
consumed by the Hybrid Focus due to additional weight from the mechanical energy storage 
system. 
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Figure 6.7. Comparison of fuel rate at engine during hybrid (continuous line) and conventional (dashed line) 
power train operation - Focus Estate and Hybrid Focus following the single drive cycle. 
Having all branches rotating in the same direction also occurs when the vehicle is being 
driven at high speed. An example of this condition is given in the next section. 
6.2.3 The operating speed of the flywheel. 
Braking energy will continue being fed into the flywheel as the vehicle is required to 
decelerate. If the flywheel speed reaches the operating speed value and the vehicle stops, the 
engine switches off, as shown in second 64 in Figure 6.8. This is an example with the 
flywheel initiating at 1500 rad/sec and the operating speed set to 1900 rad/sec. The reason 
behind this strategy is that above this speed the flywheel would be able to accelerate the 
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vehicle on its own if demanded; hence there would be no need to keep the engine on and 
idling. 
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Figure 6.8. Variations in speed at the sun (Wsun/10), carrier (Wcarrier) and ring (Wring) as power is transmitted 
from carrier (Pcarrier) to flywheel (Pflywheel) during a regenerative test that deactivates the engine - Ilybrid 
Focus following the single drive cycle. The flywheel operating speed (dashed thin black line) and operation of the 
engine (continuous thin black line labelled Engine on) are shown as a reference for hybrid operation. 
Vehicle acceleration with the flywheel is seen in Figure 6.9. It shows the Hybrid Focus 
following the simple cycle with an initial flywheel speed of 2200 rad/sec. At the beginning of 
this example the engine is switched off (Period A) because the flywheel speed is above the 
operating speed and the vehicle is stationary. When the vehicle is required to accelerate, the 
hybrid system provides the initial acceleration (Period B). When the ring speed reaches zero, 
the engine turns on and takes over to continue accelerating the vehicle (Period Q. When the 
vehicle is required to decelerate, first the ring is braked (Period D), and later the motor 
activated (Period E) to store energy. Finally, the engine is switched off again when the 
vehicle is totally braked (Period F). After this, the cycle starts again. During this operation, all 
the operating modes are presented: Neutral during periods A, C and F, Flywheel Assisted 
Acceleration during period B and Regenerative Braking during periods D and E. 
The fuel rate, shown in Figure 6.10, also exemplifies when the engine turns on to accelerate 
the vehicle (Period Q, it is used to accelerate the ring (Period E) and it is switched off 
(Periods A, B and F). 
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6.2.4 Limits of speed for flywheel 
The control strategy is defined when a minimum and a maximum speed are specified for the 
flywheel. If energy is being consumed from the flywheel and it decelerates until the minimum 
speed is reached, the engine will turn on and propel the vehicle regardless of ring speed. If the 
flywheel reaches the maximum speed, no more energy is captured by the mechanical energy 
storage system. To demonstrate the effect of these limits, Figure 6.11 shows the hybrid 
system operating with a flywheel minimum and maximum speed set to 1700 and 1900 
rad/sec, respectively. This is just an illustrative example rather than these being the actual 
limits. Inspection of Figure 6.11 reveals that the mechanical energy storage system is 
deactivated when the sun reaches the flywheel minimum speed, turning the engine on even if 
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the ring rotates in a negative direction (A). Similarly, when the flywheel maximum speed is 
reached at the sun during a regeneration period, no more power is sent to the flywheel, despite 
the vehicle still being subjected to deceleration (B). 
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Figure 6.11. Example of deactivation of hybrid system when the flywheel reaches velocity limits I lybrid Focus 
following the single drive cycle. This figure illustrates the speed at the sun (Wsun/ 10), carrier (Wcarrier) and ring 
(Wring), power at carrier (Pcarrier) and flywheel (Pflywheel), operation of the engine (Engine on), and flywheel 
maximum, minimum and operating speed [Upper, lower and intermediate dashed lines]. 
When the mechanical energy storage system is operating in Neutral, the torque demanded at 
the carrier equals zero. In that case, all the elements will rotate freely and the flywheel will 
decelerate according to the losses caused by friction and windage, as evident from Figure 
6.11. 
In conclusion, the control strategy of the hybrid system is based on the speed of the flywheel, 
the direction of rotation at the ring, the speed at the carrier (in particular when it has stopped), 
and the direction of the torque at the final drive. The effect of the speed at the flywheel is 
determined by three pre-determined values: flywheel operating, minimum and maximum 
speed. Given that the maximum and minimum speed of the flywheel were determined by 
design, the only variable related to flywheel speed investigated in detail was the flywheel 
operating speed. The investigation conducted on this variable will be explained in detail in 
section 6.4. 
6.3 Effect of the gear ratio from carrier to final drive. 
The gear ratio from carrier to final drive (section 4.7) is a design choice that must be made for 
the physical configuration and it plays a very important role in the operation of the system, 
given its effect on the speed at the carrier. This gear ratio is denoted GRCFD (Gear Ratio 
from Carrier to Final Drive). Figure 6.12 illustrates examples of the Hybrid Focus with four 
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different gear ratios, in which it is evident that increasing the ratio causes an increase in the 
speed of the carrier relative to the final drive. Changing the GRCFD has a major effect on the 
length of time the ring would stay in a particular direction of rotation: the higher the value, 
the higher length of time the ring will stay in a positive direction due to the higher speed at 
the carrier (see Figure 4.7 for further illustrative examples of the effect in the ring due to the 
speed in the carrier). 
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The effect that the GRCFD has on the mechanical hybrid vehicle performance when 
following a drive cycle can only be evaluated on a case-by-case basis. Numerous simulations 
were hence conducted to study the effect of this variable in the performance of the hybrid 
vehicle, but the studies were limited to finding the workable solutions on a test-and-see basis. 
This was complex since the flywheel operating speed range also had to be adjusted each time 
as a manual iterative process. In the future there would be scope for multivariable 
optimisation but this was not done in the current research. 
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64 Effect offlywheel operating speed and Gear Ratiofrom Carrier to Final 
Drive in the performance of the mechanical hybrid. 
Although in sections 6.2 and 6.3 it was seen that the flywheel operating speed and the 
GRCFD affected the performance of the mechanical hybrid system, there were insufficient 
results from the early simulations to determine the final design configuration for the hybrid 
systems. Therefore, the effect of these two variables was studied by conducting a series of 
simulations with the hybrid vehicles. The data used for each vehicle in these simulations is 
shown in Table 6.1 and Table 6.4. All the variables were fixed for all the simulations except 
GRCFD and flywheel operating speed, which were modified at each simulation as indicated 
in Table 6.4. 
Table 6.4. Data for simulations of hybrid vehicles. 
Description HybridFocus Hybrid Bus 
Additional mass due to hybrid system 100 300 kg 
Flywheel inertia 0.11 0.44 kgm2 
Initial flywheel speed 0 0 rad/sec 
Flywheel minimum speed 1500 2000 rad/sec 
Flywheel maximum speed 3500 5000 rad/sec 
Losses at flywheel See section 4.4.2 See section 4.4.2 Nm 
Efficiency at interconnection between 
carrier and final drive 
0.95 0.95 
Maximum torque at carrier for 
calculation of efficiency 
1000 10000 Nm 
Efficiency at epicyclic gearbox See section 4.3.4 See section 4.3.4 
Value of constant A for gearbox 0.9781 0.9781 
Value of constant B for gearbox 0.0219 0.0219 
Time step 0.3 0.3 sec 
GRCFD [0.1,0.5,1,21 [0.5,1,2,4,6] 
Flywheel operating speed 
[1700,2300,2800, 
33001 
[2200,2660,31201 
3580,4040,4800] rad/sec 
Figure 6.13 presents an example of the performance of the mechanical hybrid system installed 
in the Focus and the Bus. It is evident that both vehicles follow the control strategy explained 
in section 6.2 and that there is an intermittent transfer of energy between the carrier (i. e. 
vehicle) and flywheel as the vehicle is driven. 
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Figure 6.13. Simulation results of mechanical hybrid vehicles during a drive cycle showing the speed at the sun 
(Wsun/10), carrier (Wcarrier) and ring (Wring), and power at carrier (Pcarrier) and flywheel (Pilywheel). (a) 
Hybrid Focus following FUDS cycle, Flywheel operating speed=2500 rad/sec, GRCFD =0.5, and (b) Hybrid Bus 
following UK Bus cycle, Flywheel operating speed=3000 rad/sec, GRCFD =2. The continuous thin black lines 
illustrate engine operation, while the dashed thin black lines refer to flywheel minimum [lower] and operating 
[upper]speed. 
The effect of the frequency of hybrid system use for all the simulations can be seen in Figure 
6.14 showing a map with the isolines for the number of times the hybrid system was used to 
accelerate the vehicle. It is clear that as the GRCFD or flywheel operating speed increases, the 
hybrid system is used less frequently to accelerate the vehicle. 
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Figure 6.14. GRCFD versus flywheel operating speed maps of number of events in which the hybrid system was 
used to accelerate vehicle for (a) Hybrid Focus following FUDS (b) I lybrid Bus following UK Bus cycle. 
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Counts accelerations (event) Bus 
A map of the fuel economy found from all the simulations is presented in Figure 6.15. 
Inspection of this figure revealed that the best fuel economy for the Hybrid Focus was found 
at a GRCFD of 0.43 and between 1700 and 2600 rad/sec, whereas for the Hybrid Bus the best 
fuel economy was found with a GRCFD of 1.9 and between 2200 and 3000 rad/sec. 
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Figure 6.15. Maps of fuel economy (mpg) correlating GRCFD versus flywheel operating speed for (a) Hybrid 
Focus following FUDS and (b) Hybrid Bus following UK Bus cycle. 
When the fuel economy of the hybrid vehicles was compared with that for the conventional 
vehicles (53.12 mpg for Focus and 6.14 mpg for Bus) it was found that, despite storage of 
energy from the vehicle, the hybrid vehicles tended to consume more fuel than the equivalent 
conventional vehicles. It was reasoned that the additional power required of the engine by the 
motor was causing a negative impact on the efficiency of the hybrid vehicle, offsetting the 
benefits of energy storage. To confirm this theory an analysis was conducted of a similar 
vehicle power train but without the motor at the ring. 
6.5 Study of the hybridpower train with no motor. 
6.5.1 The Mechanical Hybrid Power train. 
Figure 6.16 presents the configuration of the new proposal for the hybrid system. It is 
basically the same configuration presented before but without generator or motor. Hence it is 
simpler and has a lower cost. 
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Figure 6.16. Mechanical Hybrid Power train with no motor. The set generator/motor was eliminated in this 
version of the Mechanical Hybrid Power train. 
6.5.2 Modirications to control strategy. 
The mechanical hybrid vehicle with no motor follows the same control strategy as before 
(Figure 6.4) with only one difference: the engine would turn off if the flywheel reaches its 
operating speed and the ring rotates below 10 rad/sec in the negative direction, as seen in 
Figure 6.17 (in the previous version the vehicle had to stop for the engine to turn off because 
the engine was required to power the motor during regeneration). A negative direction of 
rotation at the ring was required in case Flywheel Assisted Acceleration was demanded. The 
control strategy of the Prius follows a similar system where the engine'is turned off below a 
certain vehicle speed and turned on again once the trip speed is reached. 
Speed at sun (flywhe4 ring and camer (linear to vehicle), torque 
requested at final dnve, and engine status (onoff) are loaded 
Is speed at sun < flywheel operating speed 
AND 
vehicle stopped? 
OR engine on 
Is speed at sun < flywheel mininium speed? 
OR 
Is speed at ring > 0? 
IN 
Is speed at sun > flywheel operating speed 
AND -i engine off 
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Y 
IN 
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transmisslan 
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f tywheet 
Figure 6.17. Flowchart for control strategy of Mechanical Hybrid Vehicle with no motor. 
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An example of the engine turning off with this new strategy is shown in Figure 6.33 at the 
time of 58 seconds. This figure also illustrates that acceleration with the hybrid system is 
achieved only when the ring rotates in a negative direction, and braking energy is captured 
only when the ring rotates in a positive direction. 
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Figure 6.18. Example of the performance of the hybrid power train with no motor showing speed at the sun 
(Wsun/ 10), carrier (Wcarrier) and ring (Wring), and power at carrier (Pcarrier) and flywheel (Pflywheel) - Hybrid 
Focus following the single drive cycle. The continuous thin black line illustrates engine operation (Engine on), 
while the dashed thin black lines refer to flywheel operating [upper] and minimum [lower] speed. 
6.5.3 Computational study. 
The same data from Table 6.1 and Table 6.4 was used to study this new configuration. The 
results of this analysis are shown in Figure 6.19. Improvements In fuel economy compared to 
the conventional vehicles were found with this new configuration, confirming that the 
component that adversely affected the efficiency of the system was the motor-generator 
system driven by the engine. However, the improvement of around 5% in fuel economy was 
marginal, hence the system would not be worth installing into a vciiicic. 
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Figure 6.19. Maps of fuel economy (mpg) for (a) Hybrid Focus following FUDS and (b) I lybrid Bus following 
UK Bus cycle - Mechanical Hybrid Power train with no motor. Both maps correlate GRCFD versus flywheel 
operating speed. 
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It was concluded that the use of only the brake at the ring during acceleration and braking 
could be possible; however, the losses at the brake, particularly during acceleration, 
diminished the benefits of the storage of energy. Although feasible, this is not an attractive 
hybrid power train. 
The search for a better system needed to be carried out, and clues about what this system 
should look like could be gleaned from further analysis of the simple epicyclic with brake 
system. The greatest improvement in ftiel economy was found in an area in which there was a 
combination of higher length of time of acceleration with the brake and better efficiency of 
the hybrid system during acceleration, which can be deduced from Figure 6.20 (this figure 
presents the percentage of time the brake was used to accelerate the Bus and the efficiency of 
the hybrid system during acceleration). Given that using the hybrid system in an area of best 
efficiency showed the best improvements in fuel economy, improvements in efficiency during 
acceleration might also enhance the benefits of the system. 
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Figure 6.20. Maps of (a) percentage of time of drive cycle in which the hybrid system was used to accelerate the 
vehicle and (b) overall efficiency of the hybrid system during acceleration for the Mechanical I lybrid Power train 
with no motor - Hybrid Bus 
following UK Bus cycle. Both maps correlate GRCFD versus flywheel operating 
speed. 
From the results shown in this section, it was clear that the performance of the mechanical 
hybrid vehicle as proposed in Chapter 4 was dramatically affected by the operation of the 
motor. Although eliminating the motor produced better results, it was reasoned that it could 
be further improved if the losses associated to the brake at the ring were reduced. The solution 
proposed involved implementing a continuously variable transmission (CVT) in the power 
train. Transferring energy mechanically rather than electrically would be more efficient and 
have a lower cost and weight. Its operation would be feasible as long as the torque 
requirement for the CVT were not excessive and speed matching could be achieved. 
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6.6 Final system proposalfor the Mechanical Hybrid Vehicle. 
From the analysis of the systems of previous sections, it became clear that the losses at the 
ring, particularly during acceleration, drained the flywheel. Therefore, ways to overcome 
these losses were considered. It was thought that providing a re-circulation of energy at the 
epicyclic gearbox would reduce energy loss at the ring. It was then reasoned that installing a 
CVT between the ring and carrier would be a possible option. The final proposal for the 
hybrid system is displayed in Figure 6.21. 
Wch 
Figure 6.21. Mechanical Hybrid Power train with CVT. This final version of the Mechanical Hybrid Power train 
has a CVT and a clutch integrated to provide re-circulation of energy. 
it follows the same principles of operation of the previous proposals but in this case the 
incorporation of the CVT provides a way to split the energy at the ring and carrier during 
braking and acceleration. 
Regarding other similar systems, there was no hybrid system identified within the literature 
that would operate with such characteristics. The only system whose architecture resembles 
this system is that proposed by The University of Eindhoven in The Netherlands (section 
2.3.2). As mentioned, it also operates with a CVT and a flywheel but it follows a very 
different operation strategy and design. In that case, a simple epicyclic gearbox is connected 
to the engine, the flywheel operates at low speed and the system interacts with the engine and 
the vehicle in a much more complex control strategy. In fact, its implementation produces a 
new type of vehicle power train. In comparison, this system was designed to be added to a 
conventional power train, and has a simpler control strategy focused in storing energy by 
using a low inertia, high-speed flywheel. 
Although Figure 6.21 presents the final proposal, it is helpful to explain the fundamental 
characteristics of such a system, and this is done in the sections to follow. This is done in two 
ways. Firstly with a description and analysis of the system with a hypothetical ideal CVT 
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branch with no losses and with no limitation in operational speed ratio. A second section 
presenting how a real CVT works along with its limitations and model follows this. Since a 
clutch must be employed for the system to work, this is also described along with its model. 
Finally, the system with a real CVT is described, and power trains suitable for the two actual 
vehicles previously analysed are simulated and the results given. 
6.6.1 The new power train with an ideal CVT 
The operation of the ideal CVT will be explained with an analysis of the power now 
distribution considering a hypothetical CVT branch with no losses. The nomenclature for the 
analysis is shown below in Figure 6.22. 
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Figure 6.22. Nomenclature for mechanical energy storage system with a hypothetical ideal CVT branch. Torque 
(7) and speed (CO) are correlated with a subscript that depends on the mechanical component to which it refcrs. 
The losses at the epicyclic gearbox are presented in the figure with the inclusion of the nomenclature for the 
efficiency at the transmission (17GB). 
The equations for power equilibrium during Flywheel Assisted Acceleration are 
TRO)R + TCO)C + TSOJS17GB =0 
With the power split being achieved with: 
Tsh'o O)c = Tc wc + Tc 
- 
CVT WC (6.2) 
TRO)R =TC_CVTWC 
(6.3) 
Combination of (6.1), (6.2) and (6.3) gives, during Flywheel Assisted Acceleration: 
TShaft WC + TS WS 17GB =0 (6.4) 
and during Regenerative Braking: 
TSha + 
LT 
0 
. ft 
WC (6.5) 
IGB 
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Therefore, the solution is to find the torque at the carrier and sun that solves equations (6.2), 
(6.5) and (6.4) for a given initial speed at the flywheel and power demand or supply at the 
main shaft. The flowchart step-by-step calculation for the solution of these equations is shown 
in Figure 6.23. 
STEP 1. Load gembox conslants, loss inap. 
initial speed at sun, speed at shaft and torque 
at shafL 
STEP 2. Guess efficiency at transmission froin 
map for torque at shaft and initial speed at sum 
STEP 3. Estimate power at sun with gear box 
efficiency, depending on ifirection of flow, with 
equation (6.4) or equation (6.5). 
MRATIVE CALCULATION 
Gear box efficiency deteni-thied 
froni torgic at cajyicr mid hiitial 
speed at finin. 
Power at still estallated, depending 
oil clergy flow, with equation (6.4) 
Torque at CalTier eslimited for a 
j9iVCJI POWCr at SIIIL 
STEP 4. Estimate speed and torque at sun given 
the power at stin and initial flywheel speed and 
calculate torcitie at carrier for equilibrium 
STEP 5 Re-calculate gear box efficiency 
for a given torque at CalTiCr and initial 
speed at sun. 
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Gear box efficiency conver 
Yes I 
STEP 6. Power flow Hu-migh CW is 
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r-111CIMICY Ot _gCal' 
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Figure 6.23. Flowchart of a step-by-step calculation to solve the mechanical energy storage system with 
hypothetical ideal CVT branch. 
Figure 6.24 presents the results of a simulation using the hypothetical ideal CVT branch in the 
Hybrid Focus following the single drive cycle. It can be seen that there are periods in which 
the carrier is stationary and the ring is rotating. To allow these operating stages, a clutch is 
needed in the CVT branch. In addition, this figure illustrates a period in which the ring rotates 
in a positive direction, which has a significant effect in the power distribution. 
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Figure 6.24. View of the performance of the Mechanical Hybrid Power train with a hypothetical ideal CVT branch 
- Hybrid Focus following the single drive cycle. 
This figure shows the speed at the sun (Wsun/10), carrier 
(Wcarrier) and ring (Wring), and power at carrier (Pcarrier) and flywheel (Pflywheel). 
The power circulating through each branch of the system is shown in Figure 6.25. Inspection 
of the power at each branch reveals that initially, when the speed at the ring is negative 
(Periods A), the power coming from the main shaft is split into the ring and the carrier, which 
is the desired effect from the installation of the CVT. However, when the ring changes its 
direction of rotation (Period B), a re-circulation of energy at the carrier is needed to achieve 
the equilibrium at the system, which is undesirable due to the excessive load that would exist 
at the carrier. Therefore, to prevent this undesired load through the carrier, it was determined 
that the CVT would be used only when the direction of the ring is negative. 
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Figure 6.25. Power at sun (Psun), carrier (Pcarrier), ring (Pring) and shaft (Pshaft) of' Mechanical I lybrid Power 
train with hypothetical ideal CVT branch - Hybrid Focus following the single drive cycle. The speed at the ring 
(Wring) is shown as reference for direction of rotation at ring. 
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Frorn this analysis it was determined that: 
1) A CVT could potentially be used to split the power at the two branches of' the epicyclic 
gearbox having the desired direction of rotation at the ring. 
2) A clutch was needed in the system to disengage the CVT frorn the ring when any of these 
elements were stationary, at a very low speed and when the ring rotates in a positive direction. 
Fuel economy results were available for the systern with the ideal CVT but it was considered 
to be less useful to report these since such a system could not be built. Real CVT systerns are 
now explained as a precursor to implementing a realistic CVT model into the hybrid power 
train 
6.6.2 Real continuously variable transmissions 
A CVT is a power transmission device whose speed ratio can be varied in a continLIOLIS 
manner. A CVT transmits power without any abrupt changes in output torque and speed, and 
it has an infinite number of intermediate speed ratios between the bounds of' its highest and 
lowest speed ratio. This aspect of the CVT has been very attractive to autornotive designers as 
tightening environmental regulations, increased performance requirements, and increased 
emphasis on Customer satisfaction have forced them to rethink the automotive power train 
[140]. Even though automatic and manual transmissions will still dominate the market for 
sorne tirne to come, CVTs will have an increasing presence in the aUtO1110tive landscape 
[141]. A photograph of a typical CVT used for aUtO1110tive applications is shown in rigure 
6.26. 
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The working principle of this type of CVT is shown schematically in Figure 6.27. Although 
there are many different types ol'CVTs, the type shown in the figure is the most common type 
used in the autornotive section. For example, it is the type used in the Nissan Tino 181 and the 
Honda Insight [77]. It consists of two parallel conical pulleys with all endless V-chaill 
connecting the two. The centre-to-centre distance of the pulleys is fixed. F. ach pulley consists 
of a fixed conical disc and a conical disc that call move In tile axial direction. The movable 
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conical discs are located crosswise to each other. When the chain runs on the input pulley on 
a small radius r, it will run on the output pulley on a large radius R. By reducing the disc gap 
of the input pulley, the chain on this side starts to run on a larger radius and on the output side 
on a smaller radius. Therefore, by adjusting the relative axial position of the movable discs 
(by applying hydraulic pressure p, and PA it is possible to maintain an infinite number of 
transmission ratios between the utmost positions r/R and R'/r' [ 140]. 
Figure 6.27. CVT working principle. The reduction of disc gap by an increase in hydraulic pressure (p, and P2) in 
one pulley causes a variation in transmission ratio between input and output (Illustrations from Sahin [140]). 
If the flywheel was directly connected to the vehicle with a CVT, the operation of the CVT 
would depend on the energy direction. During acceleration (Figure 6.28(a)), the spindle 
sharing the shaft with the flywheel moves in, which increases the radius and thus the 
transmission ratios. Therefore, energy flows from the flywheel to the wheels, accelerating the 
vehicle and decelerating the flywheel rotating speed in exchange. Similarly, deceleration 
(Figure 6.28(b)) is made possible by decreasing the transmission ratio so that the kinetic 
energy of the vehicle is transmitted back to the flywheel, which slows down the vehicle and 
accelerates the flywheel [ 140]. 
mmmý 
mmo am* 
Figure 6.28. Example ot'CV'I' operation with a flywheel and a driving shall. Increasing or decreasing the CVT 
transmission ratio will cause the flywheel to (a) accelerate by shifting up, or (b) decelerate by shilling down 
(Illusiralion from Sahin [140]). 
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Although using a CVT provides a mechanical way to continuously vary the speed ratio 
between output and input shafts, it is subject to some limitations, in particular in speed ratio 
and of poor efficiency under certain conditions. 
It was found in the literature (see [142-145]) that the speed ratio between output and input 
shaft of a CVT would typically be between 0.4 and 2.5 - an overall speed ratio of 6.25. This 
is an important limitation which makes the use of a CVT to link the wheels directly with the 
flywheel more difficult. Storage of energy in the flywheel with a CVT as shown in Figure 
6.28 would reduce the speed range of the flywheel. Moreover, in a system where all the 
flywheel energy is directed via the CVT, the operating demands on the CVT are more 
arduous compared to the hybrid system. In addition, it is later shown that the CVT only needs 
to operate for short periods in the Mechanical Hybrid Power train as opposed to continuously 
in the case of directly connecting the CVT to the flywheel. Overheating or wear of the CVT is 
less likely to be a problem in the system studied in this research. Additionally, it was found 
that the efficiency would be dramatically affected when the CVT functions at a high ratio or 
at low load. Figure 6.29 shows an efficiency map for a dry belt variator with a maximum- 
minimum transmission ratio of 2.5-0.4 presented by Soltic [145]. It is clear that the efficiency 
of the CVT would be dramatically affected by both the torque demand and the speed ratio 
existing between output and input. Hence, high velocity ratio or low torque results in low 
efficiency. 
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Figure 6.29. Variator efficiency map, that includes hydraulic system, correlating torque [Tin/T.,, ný,, w] and velocity 
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6.6. ZI The Computational model of lite CVT. 
The model for the CVT takes into account the ranges for the operation of a typical CVT: The 
minimum velocity ratio is 0.4 and the maximum is 2.5. It also takes into account the losses 
during operation with the incorporation of a map that correlates efficiency with speed ratio 
185 
and torque required (Figure 6.30). It was created taking as reference the map presented above 
in section 6.6.2. 
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Figure 6.30. Variator efficiency map for CVT model correlating torque [Tin/Tmax] and velocity [Wout/Win]. 
In addition to this map, the efficiency remains at 0.70 when the clutch is slipping. It is 
because during this time the CVT does not change its velocity ratio, as will be explained later 
in this thesis. 
6.6.3 The clutch 
The clutch chosen for the system is a friction clutch that would couple and allow independent 
rotation between ring and CVT when necessary. Friction clutches are almost universally used 
in the automotive industry for reasons of low cost and effectiveness, so it was not considered 
necessary to look at other types. 
The clutch must be used either when the ring or the carrier is stationary, when there is a high 
ratio between them or when the ring rotates in a positive direction. 
6.6.3.1 The Computational model of the clutch. 
The model for the clutch must allow operation in three modes: decoupled, slipping and 
coupled. When it is decoupled, both sides of the clutch are free to rotate in any direction and 
there is no transmission of energy. When it is slipping, one of the elements will apply torque 
to the other element in the same direction, eventually spinning it to the same speed if the slip 
torque is greater than the resistance torque of the other element. The velocity ratio deten-nines 
the efficiency of the system, since losses are simply the product of slip torque and differential 
rotational speed - see Figure 6.31. When it is coupled, both sides of the clutch rotate at the 
same speed and in the same direction and the efficiency at the transmission is high, taken to 
be 0.98 as also shown in the same figure. The main sources of the coupled losses are bearing 
drag torque and windage. 
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Figure 6.31. Efficiency for clutch model for a given velocity ratio [wclutch output/wclutch input] at the clutch. 
6.6.4 A simulation with clutch and CVT model. 
A small segment of acceleration with a vehicle was simulated with the CVT model. During 
this simulation the input and output of the CVT were the speeds of the final drive and the 
engine, respectively. The clutch operated in the model during the initial acceleration, when 
the velocity ratio was higher than the maximum for the CVT. By comparing the results of the 
model with those obtained by Lee [144] in a similar test, it was clear that the model produced 
a satisfactory simulation of the operation of the CVT. However, although the best effort was 
made to faithfully simulate the operation of a real CVT, this model does not simulate the 
performance of the belt-pulley forces that would act on the CVT. Rather, it assumes that the 
CVT will be able to operate as long as needed within the operating ratios previously 
established. Further information on the operation and simulation of a CVT can be found in 
[143,146-148]. 
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Figure 6.32. (a) Simulation of CVT operation with computational model, (b) experimental results obtained by Lee 
[144] in similar test (111ustation (b) adaptedfrom Lee ef at. [144]). 
The model of the CVT and clutch were incorporated into the mechanical hybrid system. Two 
fixed geared step-ups between ring and clutch input and between carrier and CVT output 
were included to reduce the torque at the CVT and operate it at speeds a typical automotive 
conventional CVT transmission would be designed to operate at. The details of these will be 
given later in this thesis in section 6.6.7. 
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6.6.5 Control strategy of the system 
The mechanical hybrid vehicle with CVT is based in the previous control strategy (section 
6.5.2), but with the addition of the operation of the CVT. An example of the operation of the 
mechanical hybrid power train system with CVT is shown in Figure 6.33. In contrast to the 
previous version, here regeneration of energy is achieved also when the ring rotates in a 
negative direction. This is because the CVT and clutch are operated in this stage. Figure 6.34 
presents a flowchart of the control strategy of the Mechanical Hybrid system with CVT. 
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Figure 6.33. Example of the performance of the hybrid power train with CVT showing speed at the sun 
(Wsun/10), carrier (Wcarrier) and ring (Wring), and power at carrier (Pcarrier) and flywheel (Pilywheel) -I lybrid 
Focus following the single drive cycle. The continuous thin black line illustrates engine operation (Engine on); 
while the dashed thin black lines refer to flywheel operating [upper] and minimum [lower] speed. 
The control strategy is based on the Velocity Ratio of the CVT (VR, -I), It is because the CVT 
cannot operate unless it is within certain limits. If the VR(, k7 is within of the CVT range, the 
CVT is used during acceleration or braking of the vehicle. If the VR,.,.., is outside of the CVT 
range, the system would have three options: 1) The CVT is used with the clutch for braking or 
acceleration of the vehicle, 2) the brake at the ring is used during acceleration or braking of' 
the vehicle, and 3) the hybrid system is not used and it operates in Neutral. The combination 
of these conditions would deten-nine the operation of the mechanical hybrid vehicle, as 
presented in Figure 6.34. The numerical solution for the system, presented at tile end of this 
flowchart, is calculated at each time step. 
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Figure 6.34. Flowchart for control strategy of Mechanical Ilybrid Vehicle with CVT. The considcrations related to 
the Velocity Ratio at the CVT to determine the operating mode of the systcrn are displayed. 
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6.6.6 Detailed operation of the mechanical hybrid system with CVT. 
The example shown in Figure 6.33 of the Hybrid Focus following the single drive cycle will 
be used as well to explain the operation of the mechanical hybrid system. The logic and 
components involved on the operation of the hybrid system at each stage are described in this 
section (following Figure 6.35 and Figure 6.36). 
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Figure 6.35. Schematic view of the operation of mechanical hybrid system with CVT. Colour arrows are direction 
of energy flow, white arrows are spindles of CVT moving in and grey shadowed sections arc components 
functioning during mechanical hybrid system operation. (a) to (h) Operating modes of the mechanical hybrid 
system with CVT. An example of the speed at the components of the Mechanical I lybrid Power train for these 
operating modes is shown in Figure 6.36. 
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(b) Flywheel Assisted Acceleration with clutch slipping. 
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Figure 6.36. Speed at mechanical hybrid system with CVT in which: speed at carrier (Wc) and speed at CVT 
output (Wcvt out) are linear with vehicle speed (not shown); ring speed (Wr) depends on carrier and sun speed (not 
shown); speed at clutch input (Wclutch in) is linear and opposite to ring speed, and speed at CVT input (Wcvt in) 
is proportional to speed at CVT output depending on CVT ratio (see also Figure 6.22 and Figure 6.37, which 
present the nomenclature of the hybrid system with CVT) - Hybrid Focus following the single drive cycle. See also 
Figure 6.35, which displays a schematic view of the operating modes. Operation of clutch (green dots), CVT 
(black dots) and brake (yellow dots) are also illustrated for reference. 
The detailed operation of the hybrid system with the CVT during the different operating 
modes is explained below. This description is based on the schematic views, (a) to (h), of the 
operating modes displayed in Figure 6.35, and the periods (A to J) of operation shown in 
Figure 6.36. 
During Flywheel Assisted Acceleration. 
I. In this mode the ring initially rotates in a negative direction and the carrier is 
stationary (same as the CVT). Therefore, to initiate acceleration of the vehicle the 
clutch slips (Period B and scheme (b)) forcing rotation at the CVT input until the CVT 
and clutch input rotate at the same speed. 
2. Once the CVT and clutch inputs are mechanically coupled and rotating at the same 
speed, the CVT would be controlled to increase the speed ratio (Period C and scheme 
(c)) to allow acceleration of the vehicle. The acceleration will continue until the 
maximum ratio is achieved at the CVT. 
3. If the maximum ratio is achieved at the CVT, the vehicle will continue accelerating 
with the use of the brake at the ring (Period D and scheme (d)). At this moment tile 
mechanical transmission operates as in the previous version. 
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4. Acceleration with the brake at the ring finishes when the ring is stationary. At this 
point the engine turns on to accelerate the vehicle and the clutch disengages the ring 
from the CVT to allow rotation of the ring in a positive direction. The system initiates 
Neutral operation (Period E and scheme (e)) until deceleration of the vehicle is 
required by the driver. 
During Regenerative Braking. 
5. In this mode regeneration of energy will be conducted depending on the direction of 
speed at the ring. If it is positive, the brake is used to decelerate the ring (Period F and 
scheme (f)) and store energy into the flywheel. It will continue braking the ring in 
order to store energy in the flywheel until the ring is stationary. 
6. After the ring is totally braked, further regeneration of energy is achieved with the use 
of the clutch. The system would be similar to its operation at the beginning but in the 
reversed direction. In this case the carrier is rotating and the ring is stationary, so the 
clutch slips (Period G and scheme (g)) to force the clutch input to rotate in the same 
direction as the CVT input. The clutch is used to store energy until the CVT and 
clutch inputs are coupled. At this point, use of the CVT starts again for regeneration. 
7. At this stage the ratio of the CVT will be reduced (Period 11 and scheme (h)) to 
decelerate the vehicle while the ring is accelerated. The CVT operates in this mode 
until the minimum limit is achieved. After this point, the conventional brakes are used 
to continue deceleration and no more energy is stored in the flywheel from the vehicle. 
During Neutral. 
8. When the minimum ratio for the CVT is reached during deceleration, the hybrid 
system operates in Neutral and the vehicle continues deceleration with the 
conventional brakes (Period I and scheme (e)). During Neutral operation the clutch 
has disengaged CVT from ring and the brake is not used. Therefore, no energy now is 
transmitted either through the CVT or the epicyclic gearbox. 
9. Finally, when the vehicle is stationary (Periods J and A and scheme (2)) the vehicle 
operates in Neutral. 
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6.6.7 The computational model of the mechanical energy storage system with 
Continuously Variable Transmission 
A computational model was designed in SIMULINK/MATLAB to incorporate the final 
proposal of the mechanical hybrid system into ADVISOR. The power flow at the epicyclic 
gearbox and CVT was found by solving the state of equilibrium at the system. The 
nomenclature for the variables of the final proposal is shown below in Figure 6.37. This 
figure illustrates the names and locations of the variables for torque and speed to be used for 
the computational model of the mechanical hybrid system. Additionally, it presents the 
locations where there is a gear ratio or a velocity ratio between two components and the 
nomenclature used for the losses associated to them. 
TO 
Wfd 
(a) 
Vch*h 
(b) 
Figure 6.37. Nomenclature for the Mechanical Ilybrid Power train with CVT. (a) Torque (7), speed (CO), (b) gear 
ratio (GR), velocity ratio (VR) and efficiency (11) at the components are correlated with a subscript that depends on 
the mechanical component to which it refers. The numbers in the figure are correlated with the locations indicated 
in Table 6-5. 
With reference to Figure 6.37, the full set of equations for the system is given in Table 6.5. 
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Table 6.5. Equations for computational model of MHP with CVT. 
Location Equation speed 
Equation Torque (during Flywheel 
l A i dA i ' erat ss ste cce on) 
1) Between ring 
f l h 
CoClutch 
_in 
"`ý -C')R * GRR- cvT (6.6) 
TCI. 
kh 
_hl 
-- 
TR 
qR_cvr (6.7) GR and input o c utc R_ cýT 
2) Clutch (OCIukh out = CoClutch in * VRcl,,, ch 
(6.8) TOutch 
ou 
TCI. 
kh in. 
77ci. ki, 
(6.9) 
VRcl. 
kh 
3) Between output 
of clutch and input COCVT_in = CoClukh_out (6.10) TCVT 
_in 
= TOutch 
-out 
of CVT 
4) CVT O)CVT_out = o)cvT 1. * VRcvT (6.12) out -4 
TCVT 
'n *)7CVr (6.13) TCVT 
- VRcvT 
5) Between output 
of CVT and main out = o)c * GRc_cvT 
(6.14) O)CVT Tc-cýT = TcvT .,,, 
GRc_cvTi7c_cvr (6.15) 
shaft _ 
6) Between main Tfd 
shaft and final 0) = o) * GRc (6.16) C fd fd - ft 
TShafl 
Z7-RF7 7C a (6.17) 
d drive Cf 
1 During Regenerative Braking the energy flow is reversed, thus the efficiency shown in the 
equations for torque is also reversed by calculating the inverse of the efficiency at cach 
element. 
With reference to the equations displayed in Table 6.5, incorporation of the losses at the CVT 
branch correlates the power at the ring with the connection at the carrier using: 
TRO)R -ý 
TC 
CVT Oc 
17R-CVT'7CIukhl7CVT17C_CVT 
which combined with equation (6.2) gives for Flywheel Assisted Acceleration: 
TShafi COC ý--TCCOC + 
TRO)Rl7R_CVT17CIulch? 7CVT7C_CVT 
and for Regenerative Braking: 
TShaft wc = TC WC + 
TR 0) R (6.20) 
qR_CVT 170.1ch l7cyr l7c 
-cyr 
with the power equilibrium at the gearbox during Flywheel Assisted Acceleration being given 
by: 
TRO)R + TCCOC + TSO)Sl7GB -2 0 
and during Regenerative Braking by: 
TV 0) T TR o), R+ Tc cvc + ki 17GB 
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(6.22) 
Therefore the solution of the variables at the system was achieved by solving equations (6.19) 
to (6.22) given a power demand or supply at the main shaft and an initial speed at the 
flywheel. The step-by-step flowchart for the calculation of the variables to solve the CVT is 
shown in Figure 6.38. 
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at qIIII. 
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I aI at t stiný see Figtire (4.13). 
STEP 3. Operation of systeni is Tor(pie mid speed at ring are calculated for a range 
detennined based on Velocity Ratio of 0.5Tc to 1.5Tc that coniply widi e(luation (6.19) 
at CV`r, see Figure 6.34. 
ýI 
or (610). 
STEP 4. If CVT or clutch operates, 
Torque at carrier (Tc) dial conyly with e(juation 
power floxy is found following (6.21) or (6.22) is 
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ITERATAIE CALCULATION. -F- oo 
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0 
STEP 5. Else, speed and torque at 
Ha 14 
sun and ring is found with equation 
YI es 
(6.21) or (612). See Figure 411 
Power flow dirou. Wi C%Tis calculated. sceFigui 
STEPS I to 5. 
M61315 Tmid Table 
6.15 
E(piations 
TzWO)c = TcWc + TJt'roR'7jt-cvrl7ch-hllcvr)70-cvr (6.19) 
Full set oftor(lie and speed for all Tjtkjt 
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Figure 6.38. Step-by-step flowchart for the solution of the Mechanical I Iybrid Power train with CVT to solve the 
ADVISOR model of the Mechanical Hybrid Vehicle (This is the solution for the Block 'energy storage system' 
shown in Figure 4.18). 
During a simulation of the mechanical hybrid vehicle, the components would operate as 
described in section 6.6.6. Figure 6.39 illustrates the efficiency of the clutch, CVT and 
epicyclic gearbox calculated with this model. It is evident that the efficiencies change 
dynamically as the components vary their operating mode. The efficiency maps shown in 
sections 4.3.4,6.6.2 and 6.6.3 are used to determine the values for each element. The 
combination of efficiencies of all the components gives the overall efficiency of the system. 
The highest efficiency is found when the ring is nearly stationary (Periods D and F), bccause 
at this moment most of the energy is transmitted through the carrier. 
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Figure 6.39. Example of the variation of the efficiency at the components of the Mechanical Hybrid Power train 
with CVT - Hybrid Focus following the single drive cycle. This figure shows the efficiency of the CVT (cffic 
CVT), clutch (effic clutch), gearbox (effic GB), overall efficiency of hybrid system (effic SYSTEM), and speed at 
the carrier (We) and ring (Wr). The periods shown have been numbered as in Figure 6.36. 
A proper solution of equations (6.19) to (6.22) was also confirmed when the power existing at 
the gearbox and along the CVT path was analysed. Inspection of Figure 6.40 confin-ned that 
during the operation of the hybrid system the power required at the transmission was 
according to the control strategy: when the CVT branch was operating (Periods B, C, G and 
H), the power coming from the final drive split between carrier and ring; and when the brake 
was operating (Periods D and F), all the power was transmitted via the carrier. 
4) 
3.1 
0 10 20 30 40 50 60 70 
TIMO (SOC) 
Figure 6.40. Example of the power demand at the sun (Ps), carrier (Pc) and ring (Pr) of the epicyclic gearbox and 
final drive (Pfd) of the Mechanical Hybrid Power train with CVT -I lybrid Focus following the single drivc cycle. 
Power at flywheel (Pfw) is also shown to illustrate energy losses at the flywheel. A positive value indicates cncrgy 
entering the gearbox. The periods shown have been numbered as in Figure 6.36. 
Additional evidence of the losses is seen in Figure 6.41 in which the power dernand at clutch, 
CVT, ring and carrier of the epicyclic gearbox (along CVT branch) are displayed. Tills I igure 
verifies that the effect of the losses at the different components is appropriate for the 
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operation of the system at each time and that the highest energy loss is alternated between 
clutch (1), CVT (2) and Ring (3) as the system operates. 
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Figure 6.41. Example of the power demand at CVT branch of the Mechanical Hybrid Power train with CVT - 
Hybrid Focus following the single drive cycle. The labels for the power demand follow the nomenclature shown in 
Figure 6.37. A positive value indicates energy flowing towards the gearbox. The periods shown have bLen 
numbered as in Figure 6.36. 
Finally, the CVT Velocity Ratio is displayed in Figure 6.42. This figure demonstrates that the 
simulation followed the operating modes described 
in section 6.6.6. During operation of the 
clutch, the CVT ratio could be at the minimum or at the maximum; during utilisation of the 
brake it is always at the maximum ratio; and during CVT operation it varies as the vehicle is 
driven. 
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Figure 6.42. CVT Velocity Ratio during operation of clutch (green dots), CVT (black dot%) and brake (yello NN 
dots) of Mechanical Hybrid Power train with CVT - Hybrid Focus following the single drive cycle. The periods 
shown have been numbered as in Figure 6.36. 
From these results it was demonstrated that the CVT model was being properly solved and 
that the effect ofthe losses from the computational simulation was In line with the component 
in operation. A parametric analysis of the hybrid vehicles could then he conducted in 
confidence. 
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6.7 Final variablesfor the control strategy 
A parametric analysis was conducted following the same principles explained in section 6.4. 
The data presented in Table 6.1 and Table 6.4 was used for these simulations, with the 
inclusion of the information for the CVT shown in Table 6.6. 
Table 6.6. Additional data for simulation of mechanical hybrid vehicles with CVT. 
Description HybridFocus Hybrid Bus 
Efficiency at CVT See section 6.6.2 See section 6.6.2 
Maximum torque at CVT for 430 . 4300 Nm 
calculation of efficiency 
Efficiency at Clutch See section 6.6.3 See section 6.6.3 
Efficiency at interconnection 0.95 0.95 
between carrier and CVT 
Efficiency at interconnection 0.95 0.95 
between ring and clutch input 
Gear ratio from carrier to CVT 2 2 
Gear ratio from ring to clutch 2 
input 
The overall efficiency and percentage of utilisation of the system during acceleration is 
presented in Figure 6.43. By comparing this with the performance of the previous version 
(Figure 6.20 in page 178), it was concluded that the utilisation of the CVT improves the 
efficiency of the system by splitting energy via the CVT branch. It was expected that this 
improvement in overall efficiency would lead to a better fuel economy. 
198 
6 
Fraction utilisation accel (%) Bus Effic Overall during ACEL Bus 
6 
4 
U. 
U 3- 
0: R3 M 
2 
4 
2500 3000 3500 4000 4500 
2500 3000 3500 4000 4600 
Flywheel operating speed (rad/sec) 
Flywheel operating speed (rod/sec) 
(a) (b) 
Figure 6.43. Maps of (a) percentage of time of drive cycle in which the hybrid system was used to accelerate the 
vehicle, and (b) overall efficiency of the 
hybrid system during acceleration - Hybrid Bus with CVT following UK 
Bus cycle. Both maps correlate GRCFD versus 
flywheel operating speed. 
Improvements in the fuel economy for both hybrid vehicles were confin-ned when fuel 
economy maps, shown in Figure 6.44, were analysed. When these maps were inspected it was 
concluded that the inclusion of the CVT branch in the Mechanical Hybrid Power train 
provided better fuel economy for the hybrid vehicles and a potentially significant outcome 
had been achieved. 
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Figure 6.44. Maps of fuel economy (mpg) for (a) Ilybrid Focus with CVT following FUDS, and (b) I lybrid Bus 
with CVT following UK Bus cycle. Both maps correlate GRCFD versus flywheel operating speed. 
The values for the flywheel operating speed and GRCFD were finally detennined with Figure 
6,44. They are displayed in Table 6.7. 
Table 6.7. Values selected for mechanical hybrid vehicles from parametric analysis. 
Description Hybrid Focus Wbrid Bus 
Flywheel operating speed 1800 2500 rad/scc 
GRCFD 0.5 1 
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6.8 Simulation results and discussion 
6.8.1 Performance of the hybrid vehicles 
The hybrid vehicles were simulated using the Mechanical Hybrid Power train with CVT, 
whereas the conventional vehicles are the same as those presented in section 6.1. As 
mentioned in that section, the Focus followed the FUDS cycle and the Bus the UK Bus cycle. 
The simulations of the Focus and Bus in the hybrid and conventional versions were 
performed with the information displayed in Table 6.1 and Table 6.8. 
Table 6.8. Main parameters of hybrid vehicles. 
Description Hybrid Focus Hybrid Bus 
Additional mass due to system 100 300 kg 
Flywheel inertia 0.11 0.44 kgm2 
Initial flywheel speed 0 0 rad/sec 
Flywheel minimum speed 1500 2000 rad/scc 
Flywheel maximum speed 3500 5000 rad/sec 
Losses at flywheel See section 4.4.2 See section 4.4.2 Nm 
Efficiency at interconnection 
between carrier and final drive 
0.95 0.9s 
Maximum torque at carrier 1000 10000 Nm 
Efficiency at epicyclic gearbox See section 4.3.4 See section 4.3.4 
Value of constant A for epicyclic 
gearbox 
0.9781 0.9781 
Value of constant B for epicyclic 
gearbox 
0.0219 0.0219 
GRCFD 0.5 1 
Flywheel operating speed 1800 2500 Rad/scc 
Efficiency at CVT See section 6.6.2 See section 6.6.2 
Maximum torque at CVT 430 4300 Nm 
Efficiency at Clutch See section 6.6.3 See section 6.6.3 
Efficiency at interconnection 
between carrier and CVT 
0.95 0.95 
Gear ratio from carrier to CVT 2 2 
Efficiency at interconnection 
between ring and clutch input 
0.95 0.95 
Gear ratio from ring to clutch input 2 2 
Time step 0.3 0.3 Scc 
Table 6.9 summarises the results of the simulations of the hybrid and the conventional 
vehicles. The higher energy calculated in the hybrid versions for acceleration and deceleration 
is given by the additional weight of the hybrid system. It is evident that although the hybrid 
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system increased the energy demand of the vehicle, the fuel consumed was lower in the 
hybrid versions, thus giving a higher overall efficiency. It should be noted that this increase in 
efficiency is not given by making the engine operate in more efficient ranges but rather by 
making the engine operate less frequently. Given the intermittent switching off of the engine 
during vehicle stops and accelerations in the hybrid version, the fuel economy is improved: 
11.80% better in the Focus and 18.40% better in the Bus (when compared to the conventional 
power train). Regarding emissions it was found that through the switching off of the engine, 
there were less emissions per kilometre expelled by the hybrid version in both vehicles. The 
highest reductions were in HC: 17.42% and 24.69% lower emissions for the Focus and the 
Bus, respectively. Although these figures are relevant, it should be noted that in section 3.2.1 
it was found that ADVISOR does not accurately simulate effects of transients and other 
effects at the catalytic converter; therefore more investigations would be required to further 
validate the simulation of the emissions. However, it is likely that reductions would be 
achieved by the intermittent disconnection of the engine. 
Table 6.9. Results from simulations of conventional and hybrid vehicles. 
Description Focus Bus 
Conv Hybrid Conv Hybrid Mi 
Energy to accelerate vehicle 5.28 5.61 50.02 50.92 Mi 
Energy to decelerate vehicle 2.26 2.36 28.71 29.28 Mi 
Energy from fuel 23.07 20.63 198.03 167.77 Mi 
overall efficiency vehicle 0.229 0.272 0.252 0.304 
Fuel consumed 0.1402 0.1254 1.2196 1.0282 UK gallon 
Fuel economy 53.12 59.39 6.14 7.27 Mpg 
Emissions HC 0.4682 0.3866 5.9732 4.4984 grams/km 
Emissions CO 0.0352 
1 
0.0298 0.0881 0.0763 grams/km 
The reductions in fuel consumption and emissions found in the simulations are supported 
when the performance of the hybrid vehicles is analysed in more dctail. Figure 6.45 illustrates 
the speed at the transmission branches for both hybrid vehicles during the drive cycle. It can 
be seen that the speed of the carrier always follows the vehicle speed, that the ring modifics 
its direction along the cycle and that the sun oscillates around the flywheel operating speed. 
This indicates that the flywheel is continuously being charged and discharged as the hybrid 
system operates in Flywheel Assisted Acceleration and Regenerative Braking. Moreover, it is 
evident that the engine is intermittently switched off as the vehicles arc driven. Interestingly, 
this figure shows that the flywheel never reaches its maximum speed. This suggests that the 
flywheel accelerates the vehicle shortly after it is charged with energy, indicating that the 
performance of the system tends to maximise the re-utilisation of braking energy as the 
vehicle is driven. 
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Figure 6.45. Simulation results of (a) Hybrid Focus with CVT following FUDS cycle and (b) I lybrid Bus with 
CVT following UK Bus cycle showing the speed at the sun (Wsun/10), carrier (Wcarrier) and ring (Wring), engine 
operation [continuous thin black line], and operating and minimum [upper and lower dashed thin black line-sl 
flywheel speed. 
To further analyse the performance of the hybrid vehicle, Figure 6.46 presents a segment of 
the FUDS as the hybrid Focus was being simulated. in this segment the flywheel is used to 
accelerate and decelerate the Hybrid Focus in several occasions. At the start of this segment 
(see Figure 6.46(a) and (c)), while the vehicle is operating emissions free, the hybrid system 
functions in Flywheel Assisted Acceleration with clutch slipping (Period A), CVT (Period B) 
and brake (Period Q. Transmission of energy from the shaft to the flywheel along tile drive 
cycle is seen in Figure 6.46 (b). This graph also shows that the kinetic energy being stored or 
taken from the flywheel is affected by the efficiency of the system, which varies depending 
on the component of the system that is operating (see Figure 6.46(d)). 
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Figure 6.46. Simulation results for the Hybrid Focus with CVT during a segment ofthe FUDS cycle showing: (a) 
speed at the sun (Wsun/10), carrier (Wcarrier) and ring (Wring), engine operation [continuous thin black line], and 
flywheel operating and minimum [upper and lower dashed thin black lines] speed, (b) power demand at the main 
shaft (Pshaft) and flywheel (Pfw); (c) CVT 
Velocity Ratio during operation of clutch (green dots), CVT (black 
dots) and brake (yellow dots); (d) efficiency of the CVT (effic CVT), clutch (effic clutch), gearbox (01-ic GB), 
overall efficiency of hybrid system (effic SYSTEM), and speed at the carrier (We) and ring (Wr). 
The system operates in Neutral when the speed at the ring becomes positive. In this case the 
vehicle is accelerated with the engine and conventional transmission (Period D). It is then 
used in Regenerative Braking with the brake (Period E), clutch (Period F) and CVT (Period 
G). 
It can be seen that in the middle of the Regenerative Braking with the CVT the vehicle is 
required to accelerate. Here, the CVT is used to accelerate the vehicle (Period H). It can be 
seen that all the graphs in the figure indicate a change in the regime due to this effect: Figure 
6.46(b) presents a peak in power taken from the flywheel and Figure 6.46(d) shows in 
increase in gearbox and CVT efficiencies as an effect of the increase in power demand from 
the vehicle. 
Following this, the vehicle is again subjected to a complete cycle in which the flywheel 
initially accelerates the vehicle (Period 1), then the engine (Period J), and finally the vehicle is 
so 
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decelerated with the storage of energy in the flywheel (Period K). In all the operating modes 
the simulation of the hybrid system is done according to the control strategy and operating 
conditions existing as shown in Figure 6.34, Figure 6.35, Figure 6.36, and Figure 6.38. The 
same performance was seen with the model of the Hybrid Bus (in Appendix D, the graphs 
with the results of both vehicles along the complete drive cycle are presented). 
From the analysis of the graphs resulting from the simulation it was concluded that the 
simulation of the Mechanical Hybrid Vehicle was according to the expected operation and 
that the model could be used with confidence to conduct the analysis of the hybrid vehicles in 
other drive cycles. This analysis is explained in the coming section. 
6.8.2 Simulations with various drive cycles 
Simulations of the Focus and Bus in the hybrid and conventional version were performed 
with the information displayed in Table 6.1 and Table 6.8. 
From the literature review it was clear that the performance of both conventional and non- 
conventional vehicles is dramatically affected by the drive cycle; therefore to further assess 
the performance of the hybrid system, the hybrid and conventional vehicles were simulated 
being driven in six drive cycles as follows: 
- FUDS (see section 6.1) 
- UK Bus (see section 6.1) 
- Indian city (see below) 
- Mexico City Test I (see section 3.2.2.4) 
Mexico City Test 2 (see section 3.2.2.4) 
Mexico City Test 3 (see section 3.2.2.4) 
The main parameters of these drive cycles are summarised in Table 6.10 for prompt 
reference. 
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Table 6.10. Main parameters of drive cycles for simulation of hybrid vehicles. 
Mexico Mexico Mexico Indian 
Description FUDS UK Bus city City City Test 
city Test I Test 2 3 
Distance 11.99 12.04 17.49 10.55 14.35 60.73 km 
Duration 1369 3288 2689 3096 3132 10188 sec 
Maximum speed 91.25 41.96 62.56 48.28 61.63 65.94 km/h 
Average speed 31.51 13.18 23.41 12.17 16.57 21.39 kn-dh 
Maximum 1.48 1.31 1.73 1.42 1.38 1.64 m/seC2 
acceleration 
Maximum 
-1.48 -1.66 -2.10 -2.63 -2.62 -3.94 m/sCc2 deceleration 
Average 0.50 0.39 0.32 0.35 0.34 0.36 M/SCC2 
acceleration 
Average 
-. 58 -. 51 -. 39 -. 50 -. 48 -. 54 m/seC2 deceleration 
Number of stops 17 47 52 34 32 74 event 
The Indian city drive cycle was taken from the ADVISOR library. Its speed profile is shown 
in Figure 6.47. 
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it is recognised that these drive cycles might not be representative of the operation of the 
Passenger Bus or the Ford Focus. However, they are used to assess the performance and 
simulation of the mechanical hybrid system under operating conditions different to those 
already analysed to determine the values for the control strategy. 
6.8. ZI Results ofsimulationsfor the con ventional and hybrid Focus 
First, the results for the simulation of the conventional Ford Focus arc prcscntcd. Table 6.11 
summarises normalised values obtained from the simulation regarding cncrgy, ovcrall 
efficiency, fuel economy and emissions. It can be seen that the encrgy rcquircd for 
acceleration and deceleration tends to stay around 0.41 MJ/krn and 0.20 MJ/km, rcspcctivcly. 
This confirms that the drive cycles simulated are representative of city driving due to tile 
amount of energy available. Regarding the overall cflicicncy, it was found to be within 0.14 
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Figure 6.47. Indian city drive cycle profile. 
and 0.22, with the lowest for the Mexico City Test I and the highest for the FUDS. Inspecting 
the average speed and the number of stops in Table 6.10 suggest that there is a correlation 
between a low overall efficiency and the vehicle being frequently stopped and driven at low 
speed. This was expected according to the analysis conducted in section 6.1 (see Figure 6.2). 
These conditions in the drive cycles produce a lower fuel economy, as seen in Table 6.11. 
Finally, it was found that the drive cycle with the lowest emissions was the FUDS and the 
drive cycle with the highest emissions was the Mexico City Test 1. Interestingly, despite the 
emissions not being proportional to the power demand, the extreme drive cycles matched for 
both fuel consumption and emissions. 
Table 6.11. Results from simulation of conventional Focus. 
Mexico. Mexico Mexico 
Indian 
Description FUDS UK Bus city 
city City City 
Test I Test 2 Test 3 
Distance achieved 11.99 12.04 17.49 10.55 14.35 60.73 km 
Energy to 0.440 0.425 0.403 0.405 0.394 0.419 MJ/km 
accelerate vehicle 
Energy to 0.188 0.233 0.192 0.209 0.180 0.202 MJ/km 
decelerate vehicle 
Energy from fuel 1.924 2.755 2.045 2.758 2.322 2.151 MJ/km 
overall efficiency 0.229 0.154 0.197 0.147 0.170 0.195 
vehicle 
Fuel economy 53.12 37.10 49.98 37.08 44.01 47.52 Mpg 
Emissions HC 0.4682 1.4037 0.6493 2.4306 1.2328 1.1329 grams1km 
Emissions CO 0.0352 0.1094 0.0577 0.1957 0.0859 0.0965 grams/km 
The results in fuel economy and emissions found from the Focus in its hybrid version arc 
presented in Table 6.12. When the energy required to accelerate and decelerate the vehicle Is 
inspected, it is confirmed that the energy for the hybrid vehicle is always higher than that of 
the conventional vehicle (Table 6.11), which is caused by the additional weight of tile 
mechanical energy storage system. However, despite carrying more weight, the use of the 
hybrid system resulted in improvements in fuel economy from the vehicle and reductions in 
emissions in all the drive cycles, which is due to the lower utilisation of the engine. 
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Table 6.12. Results from simulation of hybrid Focus. 
Mexico Mexico Mexico 
Indian 
Description FUDS UK Bus city City City 
city Test I Test 2 Test 3 
Distance achieved 11.99 12.04 17.49 10.55 14.35 60.73 km 
Energy to 0.468 0.458 0.436 0.443 0.429 0.448 MJ/km 
accelerate vehicle 
Energy to 0.197 0.248 0.203 0.221 0.189 0.210 MJ/km 
decelerate vehicle 
Energy from fuel 1.721 2.438 1.845 2.522 2.087 1.849 MJ1km 
overall efficiency 0.272 0.188 0.236 0.175 0.205 0.242 
vehicle 
Fuel economy 59.39 41.93 55.39 40.55 48.97 55.28 Mpg 
Emissions HC 0.3866 1.1221 0.5094 2.0589 0.9059 0.9356 grams/km 
Emissions CO 0.0298 0.0881 0.0467 0.1635 0.0664 0.0811 grams/km 
From Table 6.13 it can be seen that the benefits varied for each drive cycle. However, the 
highest improvement in fuel economy was for the Mexico City Test 3 cycle with an 
improvement of 16%. In HC and CO emissions, the best results were for the Mexico City 
Test 2 cycle, with reductions of 26% and 22%, respectively. It is noticeable that better 
performance was achieved for the hybrid Focus in all cases. These results suggest that the 
lower utilisation of the engine gives the desired effect in the operation of the vehicle: 
improvements in fuel economy and emissions. 
Table 6.13. Difference in performance - Hybrid Focus. 
Mexico Mexico Mexico 
Indian 
Description FUDS UK Bus 
city 
city City City 
Test I Test 2 Test 3 
Improvement in 11.80 13.02 10.82 9.36 11.27 16.33 % 
Fuel economy 
Reductions in HC 17.43 20.06 21.55 15.29 26.52 17.42 % 
Emissions 
Reductions in CO 15.34 19.47 19.06 16.45 22.70 15.96 % 
Emissions 
Graphs with the results of the Hybrid Focus for all the drive cycles are presented in Appcndix 
D. 
6.8.2.2 Results ofsimulationsfor the conventional and hybrid Bus 
The results of the simulation of the Bus with the conventional power train are presented in 
Table 6.14. Again, although the drive cycle in which the vehicle is driven determines the 
results for the simulation of the conventional vehicle, energy demand, fuel economy and 
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emissions remain within a typical city driving range for all the cycles. However, it was seen 
that the FUDS and the Indian City achieved a lower distance than the original drive cycle, 
which indicates that this vehicle was not able to reach the required speed for some segments 
of the drive cycle. Therefore, the results for these two cycles were discarded to provide a 
fairer comparison with the performance of the Hybrid Focus. Hence for this vehicle the 
lowest and highest fuel economy is for the UK Bus and Indian city cycles, with 6.14 mpg and 
7.38 mpg, respectively. Compared to the Focus, the Bus has a much lower fuel economy 
given the different weight, shape and engine model of this vehicle. Regarding the emissions, 
there was no clear correlation with fuel consumption; however, the values resulting from the 
simulation remained within a certain range, which was reasonable and could be compared 
with results for the hybrid vehicle. 
Table 6.14. Results from simulations of conventional Bus. 
Mexico Mexico Mexico Indian 
Description FUDS UK Bus city City city 
city Test I Test 2 Test 3 
Distance achieved 11.87 12.04 17.45 10.55 14.35 60.73 km 
Energy to 4.410 4.154 3.963 3.948 3.843 4.090 MJ/km 
accelerate vehicle 
Energy to 1.953 2.385 1.958 2.131 1.849 2.064 MJ/km decelerate vehicle 
Energy from fuel 14.207 16.488 13.721 15.721 14.034 14.255 MJ/km 
overall efficiency 0.310 0.252 0.289 0.251 0.274 0.287 
vehicle 
Fuel economy 7.13 6.14 7.38 6.45 7.22 7.11 Mpg 
Emissions HC 2.0778 5.9732 2.5365 7.0172 5.0925 3.3252 grams/km 
Emissions CO 0.0957 0.0881 0.0828 0.0799 0.0814 0.0859 grams/km 
The results of the simulation for the hybrid vehicle are shown in Table 6.15. Again, better fuel 
economy and lower emissions were found in the comparison between hybrid and 
conventional versions for all the drive cycles, indicating that the utilisation of the hybrid 
system with the control strategy proposed produces benefits for both fuel consumption and 
emissions. 
208 
Table 6.15. Results from simulation of hybrid Bus. 
Mexico Mexico Mexico Indian 
Description FUDS UK Bus city city City 
city Test I Test 2 Test 3 
Distance achieved 11.86 12.04 17.44 10.55 14.35 60.73 km 
Energy to 4.490 4.229 4.022 4.019 3.910 4.160 MJ/km 
accelerate vehicle 
Energy to 1.995 2.432 1.991 2.173 1.886 2.105 MJ1km 
decelerate vehicle 
Energy from fuel 12.201 13.935 11.932 13.521 12.343 11.703 MJ/km 
Overall efficiency 0.368 0.303 0.337 0.297 0.317 0.355 
vehicle 
Fuel economy 8.30 7.27 8.49 7.50 8.21 8.66 Mpg 
Emissions HC 1.1650 4.4984 1.6592 5.8192 3.5175 2.2411 grams/km 
Emissions CO 0.0859 0.0763 0.0759 0.0694 0.0742 0.0737 grams/km 
When the numerical differences were analysed in Table 6.16, it was found that higher fuel 
economy benefits were found for the Hybrid Bus, with a peak of 21.80% for the Mexico City 
Test 3 cycle. Given that the Focus Hybrid also had the highest benefits in this cycle, it was 
analysed in more detail. It was seen that this cycle is the one with the lowest number of stops 
per kilometre, allowing the mechanical energy storage system to operate in more favourable 
conditions with better overall efficiency, and thus enhancing the fuel benefits. The 
mechanical hybrid performs well when the vehicle slows down and speeds up frequently but 
does not actually stop. The CVT cannot operate when the vehicle speed is very low due to 
limitations in speed ratio. Again, it is noticeable that fuel and emissions benefits, to a lower or 
higher extent, were found in all the drive cycles. 
Table 6.16. Difference in performance - Ilybrid Bus. 
Indian Mexico Mexico Mexico 
Description FUDS UK Bus 
city 
city City City 
Test I Test 2 Test 3 
improvement in 
Fuel economy 16.41 18.40 15.04 16.28 13.71 
% 
21.80 
Reductions in HC 
Emissions 43.93 24.69 34.59 17.07 30.93 
% 
32.60 
Reductions in CO 
Emissions 
I 
10.24 13.39 8.33 13.14 8.85 14.20 
% 
The graphical results of the Hybrid Focus for all the drive cycles arc prcscntcd in Appcndix 
D. 
Therefore, the conclusion of this study is that the installation of the mechanical energy storage 
system in a conventional vehicle would potentially improve fuel economy and reduce 
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emissions, but that its performance is greatly affected by the drive cycle in which the vehicle 
is driven. However, if the drive cycle profile is typical of a city driving, having for example a 
low average speed and continuous stops, it is likely that the overall efficiency of the hybrid 
vehicle would be enhanced and emissions be reduced as a result of the storage of energy in 
the mechanical hybrid vehicle. 
6.8. Z3 Final remarks on the simulation of the Mechanical Hybrid Power train. 
Although the best effort was made to faithfully simulate the performance of the mechanical 
components of the hybrid system, there is still room for improvements in the computational 
models of the gearbox, clutch and CVT to better model their performance. Particular attention 
can be given to the equilibrium forces in the CVT and clutch as power is transmitted via the 
CVT branch as required by the vehicle. Although promising benefits were found with these 
simulations, the computational model of the CVT should be enhanced to confirm that this 
system could operate as demanded by the vehicles. Certainly, the maps for the efficiency and 
losses of the most important components of the hybrid system, flywheel, epicyclic gearbox, 
CVT and clutch, can be updated to enhance the simulation of such components. Experimental 
work using mechanical components with a higher power rating could be conducted to validate 
the models individually and as a whole. 
Moreover, there are several variables that can be analysed in detail to effectively determine 
the optimal configuration of the system and further improve the performance of the system. 
The following variables could be further optimised by analysing the operation of the system 
in a greater variety of drive cycles and operating conditions: 
" Flywheel inertia 
" Flywheel minimum speed 
" Flywheel maximum speed 
" Flywheel operating speed 
" Value of constant A for epicyclic gearbox 
Value of constant B for epicyclic gearbox 
GRCFD 
Gear ratio from carrier to CVT 
Gear ratio from ring to clutch input 
Speed at ring to turn engine off 
In addition, the operation of the hybrid vehicle could be varied to utilise the system following 
a different control strategy; for example, using the mechanical energy storage system togctlicr 
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with the engine to boost acceleration of the vehicle or operate the engine less frequently in a 
low efficiency range. 
Though this study presents positive results for the implementation of a hybrid system in a 
vehicle, the estimation of the weight of the hybrid system and the determination of the 
mechanical behaviour and limitations for all the components must be carefully evaluated in 
the future. This would add legitimacy to the estimations of energy and environmental benefits 
when using a hybrid system with the proposed characteristics. For example, the design of the 
flywheel [42,149], the effects of the braking in the driveline [I SO- 153], the drive cycle [ 154], 
and the vibrations at the transmission [155,156] must be carefully assessed to determine the 
most advantageous braking strategy and configuration for the power train and transmission. 
Moreover, once the mechanical configuration is determined, an economic analysis of the 
operation and implementation of the power train should be conducted [80,157-167], 
including an investment payback study. 
The analysis conducted in this section was the assessment of the operation of the system in 
optimal operating conditions, which do not necessarily mean accurate settings for all the 
components; however the major losses from the components were accounted for in the model 
to provide a more realistic assessment. In addition, the operation of the system and the 
architecture were described with sufficient detail to provide an understanding of the concept 
for future studies. If the components in the hybrid system can be operated as indicated in this 
architecture, within the range of the individual efficiencies presented, the benefits of using a 
mechanical hybrid system for regenerative purposes with a high-speed flywheel are 
remarkably promising. 
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6.9 Summary and conclusions 
In this chapter, a computational analysis of a novel high-speed flywheel based power train 
implemented in a conventional vehicle was conducted. A SIMULINK model of a Mechanical 
Hybrid Power train was created and implemented in ADVISOR for the assessment of the 
hybrid power train operation. Models of a medium size car and a Passenger Bus were 
investigated while following typical city drive cycles. 
The results from the simulation present a promising panorama in terms of reductions in fuel 
consumption and emissions when using the hybrid system. However, experimental analysis 
performed in a CVT, engine and gearbox of the type proposed in the system can be used to 
improve and validate their computational models and further validate the results obtained in 
this thesis. Likewise the investigation of the hybrid system being used in a greater number of 
drive cycles and types of vehicles is also required. In addition, as mentioned is section 6.8.2.3, 
a more exhaustive analysis of the variables chosen for the control strategy might lead to a 
better performance of the hybrid vehicle or the development of other control strategies. This 
is likely to result in higher benefits than those presented here with the implementation of the 
mechanical energy storage system in a conventional vehicle. 
However, the implementation of the mechanical components for the hybrid system in a real 
vehicle is a challenging task, and the feasibility of the operation of such components at the 
required operating ranges is still unknown. Although the development of this mechanical 
hybrid system is at an early stage, the promising energy benefits obtained from the 
simulations encourage the continuation of this work leading to the assessment of the 
mechanical components required for this power train. This might include the development or 
highly efficient state-of-the-art flywheels, CVTs and epicyclic gearboxes able to operate at 
the conditions described in this thesis. 
And whilst there are further improvements pending to be achieved, the configuration of the 
hybrid system has been fully developed and the determination of its operation has been 
explained in detail in this chapter. This provides a suitable platform for the continuation of the 
development of this type of hybrid power train in the future. This would potentially lead to 
future transportation able to operate with less emissions and better cfficiency than the vehicles 
used nowadays. 
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7 CONCL USIONS 
ZI Titecurrentstatasofautomotivevelziclepropulsioitsystetm 
Automotive vehicles have become a widely used mode of transport offering both freedom of 
movement and convenience for their users. The number of vehicles is continuously growing 
and this increase is likely to continue. Unfortunately, they have a negative impact on the 
environment due to the emissions expelled during their operation. In particular, emissions of 
large quantities of carbon dioxide gives rise to the global warming and the quantity of gas 
emitted is directly linked with vehicle propulsion efficiency. Hitherto, cost-effective 
conventional vehicles with substantially lower emissions and lower energy consumption have 
not been successfully developed despite the great efforts undertaken by the research 
community. To overcome these limitations, vehicles with different power trains, namely non- 
conventional vehicles, have been developed and are now available commercially. Although 
their appearance is similar to that of conventional vehicles, these vehicles employ power 
trains incorporating novel types of power sources and these offer enhanced vehicle propulsion 
efficiency. In non-conventional vehicles, electrical, mechanical or solid state sources are 
combined or used individually in the power train with typical examples being electrochemical 
batteries, hydro-pneumatic storage, flywheel systems, and hydrogen or carbon fuels. Even 
though non-conventional vehicles have been continually researched and developed, very few, 
if any, cost effective solutions have been devised which have the potential to gain universal 
acceptance by the customer. Therefore, it can be concluded that new approaches arc still 
needed and the search for low cost efficient vehicle power trains must be continued. This was 
the main driver behind the research described in this thesis. 
7.2 Simulation of conventional and non-conventional vehicles 
With the advent of modern computers, computational simulation has become a common 
method for the investigation and assessment of vehicular power trains. Among various 
software programs designed for the purpose of simulating vehicles and their power trains, the 
Advanced Vehicle Simulator (ADVISOR) software shows attractive features. It has been 
extensively developed and is now widely used for this purpose, operating within tile Matlab 
environment. As described in this thesis, a detailed investigation has been carried out to 
assess the value of ADVISOR for the simulation of conventional and non-convcntional 
vehicles. To this end, computational models of a conventional Ford Focus Estate, an electric 
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Volkswagen sedan, and a hydro-pneumatic electric hybrid bus have been developed in 
ADVISOR. Simulations of the performance of these vehicles have also been compared with 
experimental measurements. The results have shown that ADVISOR is capable of simulating 
these vehicles providing reasonable accuracy given the information available from the 
vehicles and the experimental tests. These are encouraging results since the information about 
the vehicles and the experimental capabilities are generally limited, thus rendering 
computational simulation as a necessary tool to explore new possibilities in full detail. In 
particular, computational simulation allows the development of additional components and 
their complete analysis. The potential benefit of this analysis lies in the ability to determine 
the performance of hybrid vehicles with certain characteristics that have not yet been built. 
This methodology has been utilised in the research. 
7.3 The mechanical energy storage system 
In this thesis, a preliminary proposal for a hybrid vehicle power train able to capture braking 
energy has been conceived and described. Thus, a mechanical energy storage system 
comprising of an epicyclic gearbox, a brake, a motor and a flywheel has been developed. This 
has allowed the principle of capture and re-utilisation of kinetic energy in a flywheel with a 
predominantly mechanical system to be validated. Such a principle was also studied 
experimentally. The results of experimental tests in a small-scale rig show that mechanical 
transmission of energy from a dynamometer to a high-speed steel-made flywheel is possible. 
In addition, comparisons of these results with simulations demonstrated that the theoretical 
background and the algorithms proposed for the ADVISOR model were correct and 
encouraged the utilisation of the computational model for the analysis of mechanical hybrid 
vehicles. 
Z4 The mechanical hybrid vehicle 
One inherent limitation of the first flywheel based transmission proposal was the electric 
motor in the hybrid system. This hybrid system required the operation of a motor connected 
to the epicyclic gearbox to store braking energy in the flywheel at some periods. A study of 
the performance of this initial model revealed that the utilisation of the engine to provide 
power to the motor affects the performance of the system, offsetting the benefits or energy 
storage. Despite kinetic energy from the vehicle being stored in the flywheel, tile fuel 
consumption was actually higher for an equivalent conventional vehicle. This was due, to 
great extent, to the need for continued operation of the engine during braking periods in order 
to drive the engine mounted generator. 
214 
A study with a modifed proposal showed that the utilisation of an. epicyclic gearbox, a brake 
and a flywheel in the mechanical energy storage system produces an improvement in fuel 
economy. However, the improvement is marginal and it would not be worth installing the 
system into a conventional vehicle. Here, excessive energy was lost in the action of braking 
the ring branch of the epicyclic gearbox and this cancelled the benefit of the energy recovery. 
Extensive computational simulations were conducted with ADVISOR to investigate the 
performance of the mechanical energy storage system and to determine its final configuration. 
This system consisted of an epicyclic gearbox, a brake, a flywheel and a CVT. The operating 
stages of the mechanical hybrid system are discussed in detail, including the variables 
involved in the control strategy. It has been found that improvements in fuel economy and 
reductions in emissions up to 22% and 33% for a car and bus respectively were obtained 
when compared with simulations of vehicles with a conventional power train. It has also been 
found that the implementation of such a hybrid system is better suited for a passenger bus, 
since it is a heavy vehicle and the continuous stop/start in the typical driving cycle is 
advantageous for the recovery and re-utilisation of energy. 
It has been argued that a mechanical energy storage system of this type would potentially 
provide a better option than batteries for the storage of energy in hybrid power trains for 
automotive use. The development of a hybrid vehicle with these characteristics might 
eventually lead to substantial fuel savings and reductions in emissions in the light of the huge 
demand for transport means worldwide. One particularly attractive feature is the ability to add 
hybrid capability to a conventional transmission system. Unlike other forms of hybrids, this 
mechanical hybrid vehicle can be obtained by simply adding the mechanical energy storage 
system to a conventional vehicle, therefore the hybrid power train can also be considcrcd to 
be a "bolt-on" hybrid. 
Z5 Recommendationsforfuture work 
Despite the promise shown by this system, there are many ways in which the proposed system 
could be developed and optimised. Firstly, a state of the art flywheel to be used in this system 
should be investigated. The flywheel must be able to operate at high speed without 
dramatically affecting the efficiency of the system. It must be able to fail in a benign way 
without contributing to additional damage to the passengers in the event of an accident. 
Moreover, the system should not deprive the vehicle of stability due to the gyroscopic 
moments resulting from its rotation. Thus, further investigations arc required to determine its 
feasibility of operation. 
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It is also worth noting that the computational simulations were done on a limited number of 
vehicles and drive cycles. Since the drive cycle and the physical characteristics of the vehicle 
cause a dramatic effect in the performance of the hybrid vehicle, further studies following a 
larger number of drive cycles and types of vehicles are required. Likewise, the control 
strategy could be further developed, for instance by performing a multivariable optimisation. 
The optimisation of the several variables related to the operation of the system is likely to 
enhance the benefits of the system. In addition, the control strategy could also be modified to 
activate the components of the hybrid system in conditions not considered in this 
investigation. For example, using the flywheel and the engine at the same time to power the 
vehicle. This might result in operation of the engine in a high efficiency range more 
frequently. To enhance the assessment of the mechanical hybrid system, it should be 
evaluated under a high variety of operating conditions, especially those commonly found in 
the final application of the hybrid and conventional vehicle studied. 
Another issue that deserves special consideration is the CVT. One of the main limitations 
associated with the use of CVTs is the capability of power transmission given a particular 
speed ratio demand. With this model, several assumptions have been made for the CVT 
operation. The approach adopted in this thesis does not consider the forces acting in the CVT 
that allow the conversion of speed ratio whilst transmitting power thus simplifying the 
derived mathematical model. However, to fully validate the CVT model, a detailed 
mathematical model is required. 
In addition, the mathematical model of the engine and catalytic converter should also be 
improved. In this investigation it was found that ADVISOR predicts the fuel consumption of 
a vehicle with greater precision than it predicts the emissions from the engine. The steady 
state maps used from ADVISOR to calculate the emissions do not accurately reflect transients 
and other effects from the engine and catalytic converter. Therefore, an enhanced 
mathematical model is required in ADVISOR for the simulation of the emissions from the 
engine. 
The design of the CVT, clutch, flywheel and epicyclic gearbox physically integrated in a 
vehicle was beyond the scope of this research and, consequently, was not investigated. A 
detailed design of the complete system should be thoroughly analysed before physically 
implementing the system. This might lead to the need to modify the physical position of 
components in the conventional power train. Similarly, the additional weight required for tile 
hybrid system in the conventional vehicle can also be determined from this type of analysis. 
Given a detailed design, the system could be costed. Hence life cycle costs could be compared 
with conventional and other hybrid vehicle systems. 
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Despite these limitations, the potential value of the mechanical hybrid vehicle proposed in 
this thesis is encouraging, indicating that the benefits obtained from the hybrid system should 
overpass the problems of additional weight, space and cost required for its implementation. 
The principle of operation of a mechanical energy storage system has been validated. This 
system is able to capture energy into a flywheel directly coupled to an epicyclic gearbox. 
Compared to existing designs, the proposed system constitutes a novel approach into the 
utilisation of a flywheel as temporary energy storage. The utilisation of the flywheel coupled 
to a double epicyclic gearbox can potentially reduce the cost, weight and space required for 
current designs that use a high-speed flywheel. The use of mechanical components, opposed 
to electric and electronic components, could also reduce technical limitations. This would 
improve the efficiency of the system by eliminating the conversion of energy from kinetic to 
electrical and back to mechanical. Due to the intermittent disconnection of the engine, 
reductions of emissions and fuel consumption are achieved. 
Z6 Overall summary and contribution to research 
There is a clear need for new vehicle propulsion systems which are more efficient and cost 
effective than conventional types. The main contribution of this thesis is the development of a 
novel mechanical hybrid power train for automotive applications, a subject less well explored 
than hybrid electric power trains. The principle of operation of a mechanical energy storage 
system based on a flywheel and a double epicyclic gearbox has been tested experimentally on 
a small scale in the laboratory and validated simulation models produced. The performance of 
such hybrid systems suitable for full size vehicles has then been investigated by means of 
simulations in ADVISOR. The value of the use of the hybrid vehicle in terms of emissions 
and fuel consumption has been quantified. 
The novelty of the research presented lies in the architecture devised. The utilisation of a 
double epicyclic gearbox combined with a high-speed flywheel is a novel approach in the 
design of less polluting vehicles operating with better efficiency. However, this work is far 
from being complete and requires further research in optimising the system to cnhancc 
performance and to check the implications in terms of the design of a real vehicle systcm. 
Such a system could then be costed and life cycle costs compared with conventional and othcr 
hybrid vehicle systems. 
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AppendixA. Thepneumatic system model 
The value for C, was computed and corrected for higher pressures at each time step using the 
equation stated in Otis and Pourmovahed [ 12 1 ]: 
6 (Eo _c 
3c 21r C, = C, O + )+ ( +7i-)exp(-7L-) F, v -r T' yvv2 
where CO is the ideal gas specific heat whose temperature dependence can be accurately 
approximated by [121]: 
cv 0 IRg = N, IT 3+ N2 IT 2 +N3 IT+(N4 - 1) + N5T 
... N6T 
2+ N7T 3+ Ns Y2 ey I(ey _ 1)2 (A. 2) 
where the coefficients for nitrogen (for T in Kelvin) [ 12 1] are: 
Nl=-735.210 
N2=34.2124 
Nj=-. 557648 
N4=3.5040 
Nj=-1.7339xl 0,5 
N6= 1.7465x 10-8 
N7=-3.5689xl 0,12 
N8=1.0054 
N9=3353.4061 
y= N91T. 
The B WR constants for nitrogen [ 12 1] are: 
a--0.025102 (Ug_MOI)3 atm 
, 4o=1.053642 
(1/g_MOI)2 atm 
b=0.0023277 (Ug_MOI)2 
BO=0.0407426 (1/g-mol) 
c=728.41 (Ug_MOI)3 (K)2 atm 
CO=8059.00 (1/g_MOI)3 (K)2 atm 
a--O. 000 1272 (1/g_MOI)3 
7-0.005300 (1/g_MOI)2 
R=28.41 (1/g-mol) atm /(K)- 
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Appendix B. The construction of the rig 
The parts of the rig were built based on the design proposed by Wulff [138]. 11 c had aI i-ead., 
built a segment of the ring, particularly the dynamometer. Therefore, the pending work was 
concluded to be able to conduct the tests. The interconnecting shafts and bearing bases, of 
which some examples are shown in Figure B. 1, were built in the Imperial College workshop 
and the full assembly was condticted -, it the 1ýihorýitorlc, offlic 17nperial College. 
Figure B. I. Interconnecting shafts, bearing support and brake. 
Below are presented a series of photographs that show the development of the construction of* 
the rig and parts. 
Figure 
wulfl-. 
project conducted by 
219 
Figure B. 3 Addition (it beamig 
Figure 
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Figure 13.4. A, lo: tion )I , hall.,. I jý4urt , n, trý.,: uon of'paris 
II', IJ ILB. -ý...... ...... I. 
Appendix C The instrumentation. 
The rig was instrumented to measure on-line the torque and speed at the rig. 
Two encoders, two speed transducers and a torque sensor were installed in the fig. 
Additionally, a Lab view virtual instrument (VI) was designed to transform the signal offrom 
the instrumentation into digital values. 
The speed transducers on the ring and dynamometer are Hall-effect pick-ups that feed 
frequency-voltage converters to acquire a voltage output proportional to the speed of the I lall- 
effect signal. These transducers were calibrated versus a rotating gear using the electric 
motor. Figure C. 1 shows the graphs volts versus rad/sec of the results of such calibration. As 
can be seen, the electronic transducers have a linear response. The rotational speed of the 
motor was also verified by means of a stroboscope. 
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Regarding the inter-connexion of all the instr'umentation, Figure C. 3 shows a photograph of 
the connecting block used for the digitising of the signal. 
And Figure C. 4 presents a photograph of the electronic components used t'()r tile Operatioll 
the rig. 
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Figure C. 3. Connecting block. 
Figure CA Electronic components for the operation ofthe rig. 
Appendix D. Simulation of hybrid vehicles. 
This appendix presents the results of simulations conducted in the mechanical hybrid vehicles 
following the drive cycles used in section 6.8.1. 
1 The Hybrid Focus. 
The overall performance of the Hybrid Focus is seen in Figure D. I. In all cases the engine 
switches off and on following the control strategy for the hybrid power train (section 6.6.5). 
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During the operation of the hybrid system is subject to dynamic variations in efficiency at the 
clutch, CVT and gearbox. Given the variations in operating conditions of the components, the 
efficiency of each component continuously changes, as seen in Figure D. 2 (see also section 
6.6.7). 
iF 
200 
150- 
100 
50 
0 
-50 200 400 600 Soo 1000 1200 1400 
Time (Sec) 
I 
100 
50 
W, 
-50 
w, 
SYS, 
GB 
itit) 0 1500 2000 2500 3000 
Time (sec) 
(C) 
LU 
U) 
's - 
I 
(b) 
(d) 
MSG Time (sac) Tim* (sac) 
(e) (1) 
Figure D. 2. Efficiencies of the Hybrid Focus following various drive cycles. The efficiency of the (*Vl, (efric 
CVT), clutch (effic clutch), gearbox (effic GB), overall efficiency of hybrid system (cffic SYSTEM) is shown. the 
speed at the carrier (Wc) and ring (Wr) is shown as reference. (a) FUDS, (b) UK Bus. (c) Indian Otýý, (d) 
City Test 1, (e) Mexico City Test 2, (f) Mexico City Test 3. 
224 
Figure D. 3 shows the power at the final drive and that at the sun. These figures provide 
further evidence of the losses existing in the system (see section 6.6.7). 
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Regarding the CVT, Figure D. 4 illustrates the CVT Velocity Ratio along the drive cycles. At 
the beginning of the cycle the CVT is used only to regenerate energy thus the ratio stays in 
the high range. When the CVT is used for acceleration, it is used in the lowest ratio (see 
section 6.6.6). 
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2. The Hybrid Bus. 
The overall perfon-nance of the hybrid Bus is seen in Figure D-5. It can be seen that a 
performance similar to that of the Hybrid Focus was found with this heavier vehicle. 
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Regarding the efficiency at the clutch, CVT and gearbox, a similar performance to that of the 
Hybrid Focus was found, as illustrated in Figure D. 6. 
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The power at the final drive and sun is presented in Figure D. 7. Despite of the higher power 
rate, same performance was seen (when compared to the Hybrid Focus) in the simulation of 
the Hybrid Bus. 
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Finally, Figure D. 8 illustrates the CVT Velocity Ratio along the drive cycles for the Ik hrI'j 
Bus. Again, a perfortnance similar to that of the Hybrid Focus was found. 
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